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The scope of this work is to establish fundamental characterization of diverse reactions 
occurring at organic polymer interfaces using a remote-gate field-effect transistor (RGFET) 
system. Reactive interfaces are placed on a RG module, which is in turn translated by a Si-
FET transducer that has an electrical connection with the RG module. Specifically, the Si-
FET translates electrical potential perturbations resulting from specific reactions on the RG 
module as changes to threshold voltage of the RGFET system (Vth,RG). Basic semiconductor 
physics describing how Vth,RG is changed by electrical potential perturbations is introduced 
in Chapter 1.  
In Chapter 2, we discuss the RGFET characterization of molecular doping effects 
in a conductive polymer and physical diffusion in a passive polymer. A poly(3-
hexylthiophene) (P3HT) film (hosting p-type semiconductor) is prepared on the RG 
module. Vth,RG  is reduced as solution concentration of 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ), p-type dopant, is increased on the P3HT RG 
surface. A new calculation method has been devised to calculate the induced hole 
concentrations and mobilities in doped P3HT films, using this  ∆Vth,RG. Meanwhile, the 
FET analysis tool offers a means of monitoring the physical diffusion of small molecules, 
exemplified by F4TCNQ, in the passive polymer polystyrene, driven by concentration 
gradients.  
In Chapter 3, the RGFET system discriminates crucial mechanistic factors in an 
electrochemical drift occurring at polymer-solvent interfaces. We discuss a slow 
reorientation of dipoles at the interface induced by gate electric fields. The effects of 
orientational ordering on drift are studied on various RG surfaces, including indium tin 
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oxide (ITO), SiO2, hexamethyldisilazane (HMDS)-treated SiO2, polystyrene (PS), and 
poly(styrene-co-acrylic acid) (PSAA). Conductive and charged components on the surface 
decrease drift by promoting fast, stable arrangement of dipoles at the interface. Conjugated 
polymers such as P3HT and poly [3-(3-carboxypropyl) thiophene-2,5-diyl] (PT-COOH) 
display insignificant drift in aqueous media.  
In Chapter 4, concentration-dependent electronic response to cortisol in 
physiological condition is demonstrated by introducing an antibody-embedded polymer on 
the RGFET system. The embedded structure of the receptor in polymer alleviates Debye 
screening length (λ𝐷) limitations that appear in the alternative surface-functionalized-
polymer architecture. As a result, we accomplish a preliminary demonstration of cortisol 
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Threshold voltage model for RGFET 
1.1. Introduction 
1.1.1. Metal-oxide-semiconductor field-effect transistor 
Since the advent of the prototype junction metal-oxide semiconductor field-effect 
transistor (MOSFET) at Bell Labs in 1959,1 the MOSFET has gradually evolved as a basic 
building block of modern electronics and is one of the most frequently manufactured 
devices in history. Now, several billion MOSFETs are integrated in a single 
microprocessor, introducing a number of new functions to the basic computing systems in 
conjunction with other circuit elements.2 
The heart of the MOSFET is a metal-oxide-semiconductor (MOS) structure known 
as a MOS capacitor that consists of a metal electrode, an insulating layer, and a 
semiconductor substrate (assuming p-type silicon in the following case) as illustrated in 
Figure 1.1.  
 
Figure 1.1. The basic MOS capacitor structure. 
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The metal electrode is typically referred to as the gate where the voltage is typically 
applied. There is no current flow through the MOS capacitor because of an extremely high 
input resistance from the presence of the insulator. Gate electric fields produced by the gate 
voltage (VG ), however, are transmitted through the insulator up to the semiconductor 
substrate. To be specific, the positive gate voltage holds electrons at the interface between 
p-type semiconductor and the insulator, which is called an inversion layer because they are 
oppositely charged to the majority of hole carriers that prevail in a p-type semiconductor. 
In contrast, an accumulation layer indicates hole carriers collected by the negative gate 
voltage.   
The band theory of semiconductor is a way to describe this detailed mechanism. 
When atoms come together to form a compound, their atomic orbitals mix to form 
molecular orbitals. If more atoms are added to a system, more molecular orbitals start to 
overlap in energies. At this time, it is expected that many of these energy levels will be in 
great proximity or even completely degenerate. These energy levels in turn form bands of 
energy. At this point, an energy bandgap may appear where no electron states can exist. 
There is an energy level where electrons are actually occupied, called a valence band 
(𝐸𝑣). The electrons at the valence band can jump up into a conduction band (𝐸𝑐) when 
electrons are excited from the valence band. The Fermi level (𝐸𝐹) is a hypothetical energy 
level that would have a 50% probability of being occupied at any given time. The position 
of the Fermi level can be changed by introducing different charge carrier densities in 
individual material or changing doping concentrations in a semiconductor. In the case of 
metals, there is no band gap due to a large population of delocalized electrons. Also, 𝐸𝐹 of 
metals is equal to their 𝐸𝑐. 
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The energy band diagram of the MOS capacitor with a p-type semiconductor is 
described in Figure 1.2. 𝐸𝐹  of a p-type semiconductor lies close to 𝐸𝑣 . In contrast, 𝐸𝐹 
would appear close to 𝐸𝑐 in the case of n-type semiconductors. The energy bands in the 
semiconductor near the oxide semiconductor interface are bent by the positive VG across 
the MOS capacitor as shown in Figure 1.2. That is, the gate electric field varies the surface 
potential (𝜙𝑠) at the oxide semiconductor interface. 𝜙𝑠 is defined as the difference between 




Figure 1.2. The energy-band diagram of MOS structure with a p-type semiconductor and 
a positive gate voltage applied through the gate at equilibrium. 𝐸𝑐: conduction level, 𝐸𝑣: 




Accordingly, the characteristic of the semiconductor surface is inverted from p-type 
to n-type by making a very thin inversion layer of electrons at the semiconductor-oxide 
interface. Despite this being a p-type semiconductor, 𝐸𝐹  is closer to 𝐸𝑐  at the interface 
between the insulator and the semiconductor than that to 𝐸𝑣.  
The only difference in device structure between the MOS capacitor and the 
MOSFET is that the MOSFET incorporates two additional terminals, called source (S) and 
drain (D), between which horizontal current flows at the semiconductor-oxide interface, as 
illustrated in Figure 1.3. The source of current is derived from electrons inverted by the 










The threshold voltages (Vth ) is the applied gate voltage required to create the 
inversion layer charge, which is one of the most important parameters of the MOSFET. 
Figure 1.4 shows charge distribution through a MOS capacitor with a p-type semiconductor 
substrate at the threshold voltage inversion point. Positive charges appear at the metal 
surface because of an application of positive gate voltages, designated as the region “a”. 
Other positive charges have been typically shown at the region “b” at the interface between 
the insulator and the semiconductor due to charge trapping densities. Negative charges at 
the region “c” are the inverted electrons in the semiconductor resulting from the applied 
gate electric field. The charges at region “a”, “b”, and “c” are termed as 𝑄𝐺 , 𝑄𝑜𝑥, and 
𝑄𝑠𝑒𝑚𝑖, respectively.  
 
             
 
Figure 1.4. Charge distribution in a MOS capacitor with a p-type semiconductor at the 




The net charge from each plate of a capacitor is zero. Therefore, the relationship 
between 𝑄𝐺, 𝑄𝑜𝑥, and 𝑄𝑠𝑒𝑚𝑖 is written:    
 
𝑄𝐺 + 𝑄𝑜𝑥 = 𝑄𝑠𝑒𝑚𝑖 
 
The gate voltage across the oxide (𝑉𝑜𝑥) at the threshold inversion point is related to 
the charge on the gate and to the oxide capacitance by 
 






(𝑄𝑠𝑒𝑚𝑖 − 𝑄𝑜𝑥)                      (1.1) 
 
Except for the applied electric field, there is an additional factor that largely affects 
the levels of electrical potentials at the gate, which is the difference in work function 
between the gate (𝜙𝑚) and the semiconductor (𝜙𝑠𝑒𝑚𝑖). The work function is the energy 
difference between Fermi level and vacuum level. Fermi level, however, should universally 
stay constant for connected systems between different materials in thermal equilibrium 
because all properties of materials existing in a system in thermal equilibrium will be 
independent of time. Accordingly, energy band structures of the MOS capacitor vary as a 
function of the difference in work functions between 𝜙𝑚 and 𝜙𝑠𝑒𝑚𝑖, denoted as 𝜙𝑚𝑠. 
Figure 1.5 shows the energy-band diagram of cases when (a) 𝜙𝑚 > 𝜙𝑠𝑒𝑚𝑖 , (b) 
𝜙𝑚 = 𝜙𝑠𝑒𝑚𝑖, and (c) 𝜙𝑚 < 𝜙𝑠𝑒𝑚𝑖 in thermal equilibrium without the applied gate voltage 
(i.e. when VG = 0 V). At this time, we assume that there are no charge traps between the 
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Figure 1.5. The energy-band diagram of cases of (a) 𝜙𝑚 > 𝜙𝑠𝑒𝑚𝑖 (b) 𝜙𝑚 = 𝜙𝑠𝑒𝑚𝑖, and (c) 




The case (a) demonstrates that hole carriers are naturally accumulated at the 
semiconductor-insulator interface. If 𝜙𝑚𝑠 = 0 𝑒𝑉 (case (b)), there is no band bending in 
the semiconductor. When 𝜙𝑚 < 𝜙𝑠𝑒𝑚𝑖 , the conduction level of 𝐸𝑐  is closer to 𝐸𝐹 , 
indicating the presence of inverted electrons at the semiconductor interface. 
Hence, the total potential energy (𝑉𝑡𝑜𝑡𝑎𝑙 ) actually applied across the MOSFET 
system has two components: (1) applied gate voltage and (2) additional electrical potentials 
associated with 𝜙𝑚𝑠 . Total potential energy will be dropped to insulator (𝑉𝑜𝑥) and the 
surface potential (𝜙𝑠) at silicon-insulator interface, respectively, which can be written as: 
 
                           𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝐺 − 𝜙𝑚𝑠 = 𝑉𝑜𝑥 + 𝜙𝑠                (1.2) 
 
We introduce the definition of potential 𝜙𝑓𝑝 which is the difference between 𝐸𝐹𝑖 
and 𝐸𝐹 at the bulk region of the semiconductor and is given by: 
 






)                     (1.3) 
 
where 𝑘  is Boltzmann constant, 𝑇  is absolute temperature, q is electric charge, 𝑁𝑎  is 
acceptor doping concentration, and 𝑛𝑖  is the intrinsic carrier concentration of a 
semiconductor. That is, 𝜙𝑓𝑝 is the potential difference at the bulk region resulting from 
doping, relative to that of intrinsic semiconductor. The schematic definition of 𝜙𝑓𝑝 is also 
shown in Figure 1.2. The threshold inversion point is also quantitatively described as the 
condition when the surface potential is 𝜙𝑠 = 2𝜙𝑓𝑝. 
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 At the threshold inversion point, VG = Vth. Therefore, in equation (1.2), we have
3: 
 
                      Vth = Vox + 𝜙𝑠 + 𝜙𝑚𝑠             (1.4) 
 
 By combining equation (1.1), (1.3), and (1.4) together, we finally have a classic 











) + 𝜙𝑠𝑒𝑚𝑖 − 𝜙𝑚 (1.5) 
 
 According to the developed equation (1.5), there are three imperative factors that 
could change the threshold voltage of the MOSFET: (1) capacitance of insulator (𝐶𝑜𝑥). 
This is further related to dielectric constant and thickness of insulator. In case of n-channel 
MOSFETs, high 𝐶𝑜𝑥 reduces Vth of the MOSFET, meaning that the MOSFET turns on 
easier. (2) Doping concentrations of semiconductor associated with 𝑁𝑎  and 𝜙𝑠𝑒𝑚𝑖 . 
Heavily-doped p-type semiconductors result in increased Vth. (3) Work function of gate 
𝜙𝑚. A high work function of the gate electrode results in the increased Vth
4 but without 






Figure 1.6. Schematic image of shifts in transfer curve (on semi-log scale) as a function of 
𝜙𝑚.  
 
Figure 1.6 is an example of how the MOSFET responds to changes in the electrical 
potential at the gate. This property of MOSFETs has opened new frontiers for their 
application in memory devices and in a wide variety of state-of-the-art sensors. That is, 𝜙𝑚 
in equation (1.5) implicates diverse functionality of the MOSFET.  
We could rewrite Vth  in equation (1.5) by combining two separated systems 
associated with (1) insulator/semiconductor (VFET) and (2) latent variables at the gate, 
expressed as 𝑓(𝐺) that could be transformed for diverse objectives as: 
 















1.1.2. Ion-sensitive FET 
 In this section, the application of the MOSFET as an electrochemical sensor is 
introduced. An ion-sensitive FET (ISFET) was first reported by Bergveld in 19705, which 
has been used for measuring ion concentrations in solution. The interaction between ions 
and amphoteric surface sites on sensing membranes provokes variations of surface 
potential, which leads to changes in Vth of the ISFET (Vth,ISFET). The device geometrics of 
the ISFET originated from that of the MOSFET. The metal gate electrode of the MOSFET 
is replaced by a solution system incorporating an ion-sensitive membrane, electrolyte 
solution, and solution gate as shown in Figure 1.7. An Ag/AgCl reference electrode has 




Figure 1.7. The basic ISFET structure 
 
The ISFET was the first FET biosensor as well. A sensing surface in Figure 1.7 is 
typically ion-sensitive but can be functionalized with diverse specific targeting moieties 
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for applications of the ISFET to biosensors.6 Since the advent of the ISFET, a great deal of 
attention has been paid to the development of FET biosensors because of numerous 
advantages such as high sensitivity, fast response time, miniaturization, low–cost 
manufacturing, and label-free detections. 
The ISFET operational mechanism is deeply associated with the theoretical 
backgrounds of the MOSFET because the ISFET is a special type of MOSFET. We further 
expand equation (1.6) to express Vth,ISFET  from now on. There is no difference in the 
system regarding insulator/semiconductor between the ISFET and MOSFET except that 
the ISFET incorporates an electrochemical environment at the gate. Assume any variation 
in electrical potentials comes from the electrochemical environment as Vchem. For this 
case, 𝑓(𝐺) = 𝑉𝑐ℎ𝑒𝑚 in equation (1.6) and Vth,ISFET is: 
 
                             Vth,ISFET = VFET + Vchem                (1.7) 
 
Vchem is described as
7:  
   
 
where 𝐸𝑟𝑒𝑓 is absolute potential of the reference electrode, 𝜒𝑠𝑜𝑙 is the electrolyte insulator 
surface dipole potential, 𝜑𝑠 is the surface potential at the electrolyte/sensing film interface, 
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and 𝜙𝑙𝑗  is the liquid junction potential difference. Implicitly, the 𝜙𝑚  term existing in 
equation (1.6) is already included in Vchem , differently, expressed as 𝐸𝑟𝑒𝑓  and 𝜙𝑙𝑗 . All 
parameters in equation for Vchem remain consistent except for 𝜑𝑠.  












where 𝑎  denotes the proton activity in the bulk electrolyte and at the gate dielectric-
electrolyte interface. That is, change in 𝜑𝑠 is the actual driving force of threshold voltage 
shift in the ISFET.  Hence, the shift in threshold voltage of ISFET is given by: 
 
∆Vth,ISFET = −∆𝜑𝑠 
 
The ISFETs, however, displayed chronic problems in device stability and reliability 
for long-term use. This is because the insulating oxide between the silicon and the solution 
is slowly penetrated by various ions such as OH− or Na+, causing a change in the 
characteristics of the device, or malfunction, resulting in poor thermal stability of the 
ISFET. Furthermore, the ISFET with no metal gate has undesirable sensitivity under light 
since the light is transmitted to the semiconductor across the insulator. This means that 
noise factors are enhanced in the ISFET structure in the presence of light. Additionally, the 
transducing part in the ISFET is not reusable because the sensing surface is directly 
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fabricated on the semiconductor, inferring that complex FET fabrication processes should 
be repeated for other use. 
 
1.1.3. Remote-gate FET 
To address disadvantages of ISFETs, the remote-gate FET (RGFET) was first 
proposed by J. Van der Spiegel in 1983.9 The RGFET stemmed from the ISFET structure 
is shown in Figure 1.8.  
 
 
Figure 1.8. The basic RGFET structure. 
 
The RGFET is electrically combined with two separated parts of the MOSFET and 
a remote-gate (RG) module. The RG module is simply coupled to the gate of a typical 
MOSFET. By adopting the RGFET structure, the solution system that largely incorporates 
unstable factors is totally isolated from the transducing system. Nonetheless, any variation 
in electrochemical potentials on the RG module is transferred up to the gate of the 
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MOSFET. Hence, the RGFET has more advantages such as low cost, simple structure, easy 
packaging, long term stability, insensitivity to light and temperature as well as disposability 
of the gate compared to the ISFET.10 
We can define Vth of the RGFET (Vth,RG) by modifying equation (1.7) developed 
for Vth,ISFET. Most factors remain the same except for the RG module. The RGFET has 
three separated systems: (1) MOSFET, (2) solution system, and (3) RG module. Vth,RG 
would be a combination of individual parts as shown below:  
 
                        Vth,RG = Vth,FET + Vchem + 𝑓(𝑅𝐺)            (1.8) 
 
where Vth,FET  is threshold voltage of the MOSFET and 𝑓(𝑅𝐺)  is a function possibly 
including variables of electrical potential and impedance associated with intrinsic 
properties of the RG material. Vth,FET in our RGFET system remains consistent throughout 
all the experiments discussed in this thesis, since the same commercial silicon MOSFET 
was used. The property of Vchem is already discussed in Chapter 1.1.2. We will figure out 
what factors exist in 𝑓(𝑅𝐺)  terms especially in our RGFET system in the following 
sections.  
 
1.2. Results and Discussion 
1.2.1. Factors to make change in 𝐕𝐭𝐡,𝐑𝐆  
In order to understand equation (1.8) systematically, we first evaluate basic 
electrical properties of the MOFSET transducer (CD4007UB) used for our RGFET. The 
MOSFET is totally isolated from the solution system and RG module. Basic transfer curves 
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of the MOSFET are evaluated in Figure 1.9a. For this, we repeated measurements of 
transfer curves for 100 cycles with a double sweep mode at the VG ranges from 0 to 5 V. 
Drain voltage (VD) was set at 50 mV. No observable change in transfer curves was recorded 
during the measurement. Vth,FET is tracked over time as shown in Figure 1.9b. Vth,FET of 
1.5 V remains constant during repeating measurements. Also, Vth,FET  of the MOSFET 
measured by each forward and reverse sweeping mode completely overlaps, revealing the 
ideal behavior as a reliable transducer. 
 
 
Figure 1.9. (a) Zoomed-in representative transfer curves of Si-FET with the double 
sweeping mode at the VG ranges from 0 to 5 V for 100 cycles of transfer curve. (b) Vth,FET 




In the meantime, the influence on impedance (resistance and capacitance in our 
case) of RGs has to be considered as one of variables in 𝑓(𝑅𝐺) in equation (1.8) because 
the connection of the RG module to the gate of the MOSFET results in addition of 
impedance of RGs in series over the RGFET system. When the impedance of the RG 
module is much larger than that of the MOSFET, properties of the RG module govern the 
RGFET system, which is not a favorable case for us.  
Figure 1.10 shows an equivalent circuit model of the RGFET system listing major 
impedance components. There are capacitors connected in series over the RGFET 
system. 𝐶𝐸𝐷𝐿, 𝐶𝑅𝐺, and 𝐶𝐺,𝐹𝐸𝑇 are capacitance of electrical double-layer between solution 
and RG surface, RG material, and MOSFET, respectively.  
 
Figure 1.10. Schematic image of the RGFET system and equivalent circuit model of the 
RGFET system.  CDL , CRG , and CG,FET  are capacitance of the electrical double-layer 
between solution and RG surface, RG material, and silicon FET, respectively. Resistors 
are assumed to be in parallel with the capacitors. 
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We assume that combining all capacitors and electrical potentials in series shown 
in Figure 1.10 would determine Vth,RG of the RGFET system. When we apply gate voltage 
into the RGFET, the actual voltage would be divided into three separated systems: the 
MOSFET (VMOSFET), solution system (Vchem), and RG module (VRG). By Ohm’s law, we 
can describe: 
 
              VRGFET = VMOSFET + Vchem + VRG           
 
In other words, the current over the RGFET is the same, we can express the relation 
above in terms of resistance of each part as shown below:  
 
                   RRGFET = RMOSFET + Rchem + RRG           (1.9)  
 
The voltage drops across each part will be directly proportional to the size of the 
resistor of each part. Hence, measurement of resistance of each part will be required.  
Meanwhile, total capacitance of the RGFET (𝐶𝑅𝐺𝐹𝐸𝑇) is described as the sum of 
capacitance from major three components originating from each system of solution 
interface (𝐶𝐸𝐷𝐿), substrate of RG (𝐶𝑅𝐺), and the gate insulator of FET (𝐶𝐺,𝐹𝐸𝑇): 
 
















In our case, 𝐶𝐺,𝐹𝐸𝑇 is invariable from the intrinsic silicon FET. We hypothesize that 
the influence of 𝐶𝐸𝐷𝐿  would be insignificant on the 𝐶𝑅𝐺𝐹𝐸𝑇  because of extremely thin 
thickness of electrical double layers on the order of angstroms. All RG modules used for 
this thesis have a large area of solution contact at least with a diameter of 0.5 cm. 
Presumably, the effect of 𝐶𝑅𝐺 that is a capacitance much larger than that of 𝐶𝑅𝐺𝐹𝐸𝑇 would 
be trivial as was the case for 𝐶𝐸𝐷𝐿. 
In order to verify the hypothesis above, two different RGs of SiO2 and polystyrene 
(PS)/SiO2 were prepared (Figure 1.11a). SiO2 substrate has a 300 nm thickness. PS layer 
deposited on the same SiO2 substrate has about 100 nm thickness. Resistance and 
capacitance of each RG is measured by the following description.  
The same volume of pH7 solution (50 µL) is added on each SiO2 and PS/SiO2. For 
the volume of 50 µL, a large diameter of solution of over 0.5 cm is achieved on RG 
surfaces. AC frequency is applied between the Ag/AgCl reference electrode and the Si 
electrode at the bottom of each RG. The level of voltages is set at 1 V during the 
measurement of capacitance and resistance. At the same measurement condition, the 
impedance of commercial MOSFET is measured by using two terminals from the drain to 






Figure 1.11. (a) Schematic image of impedance measurement setups of RGs and MOSFET. 
Frequency vs (b) capacitance and (c) resistance from RGs of SiO2 and PS/SiO2 and Si-FET. 
At least 3 samples of each RG were measured. 
 
Capacitance and resistance from both RGs are compared with that of the MOSFET 
as shown in Figure 1.11b and 1.11c, respectively. PS/SiO2 RG has a lower capacitance than 
that of SiO2 due to the deposition of thick PS layer on SiO2. Also, the PS has even lower 
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dielectric constant (2.56) than that of SiO2 (3.9). Nonetheless, the capacitance of the 
MOSFET is at least 100 times smaller than any RG surfaces (Figure 1.11b). The total 
capacitive system over the RGFET is mostly determined by that of the MOSFET.  
The resistance of the MOSFET is also much larger than those of RGs (Figure 
1.11c). The gate voltage applied over the RGFET system is mostly dropped to the 
MOSFET. These results indicate that effects of the impedance of RGs are highly 
insignificant on the total impedance of the RGFET. Therefore, each equation (1.9) and 
(1.10) becomes: 
 
RRGFET ≈ RMOSFET 
 
Ctotal ≈ CG,FET 
 
This indicates that the impedance of the RG module is not a critical factor that is 
able to change Vth,RG in our RGFET.  
Figure 1.12 shows a simplified equivalent circuit model from Figure 1.9 by 
removing negligible parameters. We know that 𝑉𝑐ℎ𝑒𝑚  term in equation (1.8) already 
includes 𝐸𝑅𝑒𝑓 and 𝜑𝑠 as shown in Chapter 1.1.2. The 𝜙𝑅𝐺 term that was not included in 
any equation yet would be associated with 𝑓(𝑅𝐺)  term.  Now, we finally have an 
expression of Vth,RG: 
 
                     Vth,RG = Vth,FET + 𝐸𝑟𝑒𝑓 + 𝜙𝑙𝑗 − 𝜑𝑠 + 𝜒𝑠𝑜𝑙 +
Φ𝑅𝐺
𝑞




Figure 1.12. Simplified equivalent circuit model of the RGFET system from Figure 1.9. 
 
It is noted that there is no current flow (~ pA) through the gate of the RGFET due 
to significantly large gate input impedance as shown in Figure 1.13. 
 
Figure 1.13. Gate leakage current levels during operations of the RGFET.  
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Thus, no possible change in electrochemical potentials exists in terms of redox 
reactions of RG surfaces assisted by the gate currents, which also supports equation (1.11). 
As a result, the shift in Vth,RG in our RGFET setup would be related to Δ𝜑𝑠 or ΔΦ𝑅𝐺:   
 
                                        ΔVth,RG =  Δ𝜑𝑠 𝑜𝑟 ΔΦ𝑅𝐺                  (1.12)        
 
1.2.2. Applications of RGFET detection system 
FETs, beyond their conventional roles of switching building blocks in integrated 
circuits, have evolved as electrochemical sensors and biosensors as described above. The 
application of the RGFET is not limited to biosensors, the most used application. I believe 
that the RGFET is comparable to a new type of “scale” in the microscopic world, capable 
of characterizing any chemical reaction with a difference in potential energy, work 
function, and surface potentials as shown in Figure 1.14. In this dissertation, I demonstrate 
new applications of the RGFET as an analytical platform to characterize interface 
properties of organic polymer materials. This RGFET characterization provides new 
information, perspective, and insight into the chemical reactions occurring at the surface 
of organic materials. Better understanding of the fundamental mechanisms in organic 
electronics will lead to better designed materials that could overcome current limitations 





Figure 1.14. The RGFET used for characterization of electrochemical reactions at organic 
polymer materials. 
 
The aim of this thesis is to investigate fundamental mechanisms of diverse 
electrochemical interactions occurring at the interface of organic/polymer materials in 
terms of the RGFET.  
In Chapter 2, molecular doping effects in a conjugated polymer and diffusion of 
small chemical molecules are characterized by the RGFET system.11 Hole concentrations 
and mobility of doped polymers are also quantified using the RGFET characterization. 
In Chapter 3, the dependence between orientational ordering of dipoles on the 
polymer interface and typical electrical drift occurring at electrochemical FET sensors was 
elucidated. As a result, it was discovered that conjugated polymers truly enhance the 
electrochemical stability of their charged groups. 
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In Chapter 4, a novel method was devised and tested to overcome Debye length 
issues of FET biosensors based on newly proposed polymer sensing membranes 
incorporating antibodies in the polymer12.   
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Characterization of molecular doping and diffusion by RGFET 
2.1. Introduction 
Conjugated polymers are recognized as a class of organic materials incorporating 
delocalized electrons in their backbones.13 Conductivity of conjugated polymers can be 
effectively tuned over several orders of magnitude depending on the amount of dopant in 
conjugated polymers. For instance, a p-type dopant that has high electron affinity takes 
electrons from the backbone of a conjugated polymer, leaving behind mobile hole carriers 
in the host semiconductor.  
The first demonstration of dopant-induced conductivity of a conjugated polymer 
was shown in polyacetylene upon treatment with iodine vapor.14 The initial reports of 
electrical conductivity on the order of 1000 S/cm15 is the promising value that has been 
mostly observed in inorganic materials. Despite early optimism, such high conductivity 
has been only maintained for a short period, resulting from a high volatilization of iodine 
dopant because of its small size.16-18 The dopant counter-ions are not covalently bonded to 
the organic semiconductors so they are free to diffuse out of films or into other layers under 
an application of electric fields. This has provoked critical issues in the device stability 
which is a reason why the popular dopant, iodine, has been mostly abandoned. In recent 
years, intense study has been performed to increase electrical stability of doped polymers 
although there is a loss of conductivity. Stable doping of regioregular poly-3-




In theory, F4TCNQ has a deep LUMO level (-5.2 eV) which is energetically in the 
vicinity of the HOMO level of many organic semiconductors. Doping is facilitated by 
charge transfers from the HOMO level of the host to the LUMO level of the dopant 
molecule. The doping mechanism is relatively straightforward but various unexplored 
parameters exist because of limitations in observing the doping process via current analysis 
tools.  
The most common doping method involves a solution blending of polymers and 
dopant before deposition as shown in Figure 2.1a. However, solution blending often 
drastically reduces the solubility of the polymer, leading to difficulties in processing doped 
films. Also, this effect resulted in decreases in mobility caused by the structural disruption 
resulting from dopant incorporation.20 Some of the highest recent polymer conductivities 








Sequential doping methods overcame issues of poor solubility of solute mixtures, 
produced more uniform morphology and are compatible with roll-to-roll solution 
processing. Therefore, it is of particular interest to characterize the solution-doping process 
to best evaluate the usefulness of this process.   
In classic semiconductor physics, conductivity of a thin film can be described by a 
simple relation, σ = 𝑒𝜇ℎ𝑝 where 𝑒, 𝜇ℎ, and 𝑝 are electron charge, hole mobility, and hole 
carrier concentration, respectively. However, it has been challenging to extract even basic 
electrical parameters listed above because of the complexity and diversity of organics 
affecting multiple variables.24-26 For example, 𝜇ℎ  of organic films varies depending on 
morphology and microstructures further influenced by doping concentrations and 
fabrication methods. Specialized ways to calculate carrier concentrations such as 
capacitance-voltage27 and photoelectron spectroscopy measurements28 were established 
but they require specially designed sample fabrication or complicated experimental setups. 
The first part of chapter 2 demonstrates a new platform technology to characterize 
hole carrier concentrations and mobility of a conductive polymer film doped sequentially 
in terms of using RGFET system. The RGFET system measures perturbations of the 
electrical potential of the polymer film on the RG. Figure 2.2 shows schematic images of 
the RGFET system to analyze molecular doping effects. P3HT film made on SiO2/Si 
substrate is electrically coupled to the gate of a commercial silicon FET first. That is, the 
P3HT/SiO2/Si substrate is loaded as an RG module while the Si is used as an electrode of 





Figure 2.2. Schematic images of the RGFET system to characterize molecular doping 
effect between P3HT film and F4TCNQ. 
 
Different F4TCNQ concentrations are dissolved in solvent acetonitrile (ACN) that 
is orthogonal to P3HT. Each prepared F4TCNQ solution is applied to the pure P3HT 
surface on the RG module for doping. An Ag/AgCl reference electrode is immersed in the 
F4TCNQ solution to apply the gate voltage of the whole RGFET system. Finally, we 
measure changes in Vth,RG from the solution doping on the RG module. Interestingly, the 
charge transfer between F4TCNQ and P3HT film on the RG module is expressed as a 
reduction of Vth,RG.  
Using this observation, a new formula is established to calculate the induced hole 
carrier concentrations in the doped P3HT in terms of variations of Vth,RG . Also, the 
responsiveness of the other dopants such as 7,7,8,8-tetracyanoquinodimethane (TCNQ) 
and tetracyanoethylene (TCNE) related to their reduction potentials is observed using the 
RGFET system on P3HT film. 
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Meanwhile, the diffusion of small molecules between organic layers provokes other 
serious issues in stability and lifetimes of organic electronics. The counterions formed from 
dopant molecules are free to drift under an electric field, either within films or into adjacent 
films, because they are not covalently bonded to the organic semiconductor.29 The diffusion 
of a relatively large p-dopant, F4TCNQ, over a layer consisting of either conjugated small 
molecules or polymer such as P3HT was investigated in recent work.30-32 Despite these 
influences on electronic performance, they are rarely discussed because of limitations of 
current analysis tools. To be specific, monitoring diffusion using UV−vis−NIR30 and 
photoluminescence (PL) spectroscopy33 requires an observable interaction between host 
materials and diffused molecules. It is even more challenging to measure simple physical 
diffusions of molecules through passive polymer dielectrics driven by concentration 
gradients and electric fields. 
Herein, we also develop a way to characterize diffusion of small molecule such as 
F4TCNQ in passive polymers such as PS by using the RGFET setup. I discovered that 
F4TCNQ also reacts with the inorganic electron donor surfaces of gold (Au) and indium 
tin oxide (ITO) by making surface dipoles which results in the same Vth,RG shift trend. 
Interestingly, I observed a similar range in electrical potentials of P3HT, Au, and ITO 
regulated only by concentrations of F4TCNQ while F4TCNQ fully occupied the 
electroactive sites on those donor surfaces. I also confirmed the responsiveness of the other 
dopants such as TCNQ and TCNE related to their reduction potentials with both ITO and 
P3HT RG. Meanwhile, signaling of F4TCNQ by ITO offers a new approach to monitor 
diffusion of small molecules through the passive, non-interaction polymer PS as shown in 
Figure 2.3. F4TCNQ and ITO are used as a tracer and a sensing layer of the tracer, 
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respectively. Thus, the dynamic doping of a conjugate polymer and transport of a dopant 




Figure 2.3. Schematic image of the RGFET system for characterization of diffusion. 
 
2.2. Experimental section 
2.2.1. Sample preparations (molecular doping)  
SiO2/Si substrates, with a 70 nm and 300 nm thickness of oxide, are prepared via 
standard RCA cleaning process. A concentration of 10 mg/ml of P3HT (Solaris, SOL4106) 
was prepared by dissolving polymer in chlorobenzene, sonicating for 1 hour, and then 
heating at 60 °C overnight, respectively. The solution is then filtered using a hydrophobic 
PTFE syringe filter and is spin-coated on cleaned SiO2/Si substrate under 1800 RPM for 1 
min, respectively. Post annealing of P3HT is done using heat plate under 60 °C for 1 h. 
The surface images of the P3HT film are acquired by using the Optical Profilometer/3D 
laser scanning microscope (VK-X100). The P3HT had a thickness of 46.5 nm measured 
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using the Thin Film Analyzer (F20-NIR). A 1 mg/mL solution of F4TCNQ (Ossila, 29261-
33-4), TCNQ (Alfa Aesar, 1518-16-7), and TCNE (Sigma Aldrich, 670-54-2) is prepared 
by dissolving the dopant in ACN aided by ultrasonication for 30 minutes, filtered using a 
hydrophobic PTFE syringe filter membrane. A series dilution of the prepared dopant 
solution is conducted in order to create the range of solution concentrations from 1 mg/ml 
to 100 ng/ml.  
 
2.2.2. Sample preparations (diffusion monitoring)  
PS (Sigma Aldrich, 430102) solutions were prepared at concentrations of both 10 
mg/ml and 35 mg/ml PS and were dissolved in toluene under ultrasonication. In order to 
synthesize polystyrene-co-4- vinylbenzocyclobutane (XLPS), a solution of styrene, 4-
vinylbenzocyclobutane (10% in weight ratio), and 2,2′- azobis(isobutyronitrile) (AIBN, 
2% in weight ratio) in chlorobenzene (2 mL for 10 mmol total monomers) in a high-
pressure vessel was bubbled with nitrogen for 10 min and then sealed rapidly under a 
nitrogen atmosphere. The mixture was stirred vigorously at 65 °C for 18 h in the dark. 
After cooling to room temperature, the resulting viscous solution was precipitated into 
methanol (150 mL) and stirred for 1 h. The precipitated polymer was dissolved in 
tetrahydrofuran (THF) and then reprecipitated into methanol. The purification procedure 
was repeated twice, and the precipitate was dried under vacuum (at 60 °C in the vacuum 
oven) to yield XLPS in 90% yield. The concentrated solutions were then filtered using a 
hydrophobic PTFE syringe filter.  The solutions were then spin-coated to SiO2/Si under 
1800 RPM for 1 min, respectively. Post annealing of PS was done using heat plate under 
100 °C for 1 h. XLPS was baked in vacuum oven for cross-linking under 180 °C for 2 h. 
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2.2.3 Characterization by UV-Vis-NIR spectroscopy and XPS 
Doping is performed by wetting the surface of pure P3HT film on ITO with each 
F4TCNQ solutions in different concentrations, waiting 5 seconds, then spinning off the 
excess solution at 1800 rpm.  Absorption peak intensity is measured with a LAMBDA 950 
UV/Vis Spectrophotometer with incremental increase of wavelength by 1 nm. All spectra 
are normalized to 1 at the maximum of the P3HT absorption at 540 nm. The X-ray 
Photoelectron Spectroscopy (XPS) spectra are analyzed using a PHI 5600 XPS (58.7 eV 
pass energy, 0.250 eV/step, Mg Kα X-rays) and processed with CasaXPS software 
(Teignmouth, UK).  
 
2.2.4 Measurement of conductivity and capacitance  
Sheet resistance of each doped P3HT film on SiO2/Si processed identically above 
is measured by four-point probes measurements. To make contact on the four-point probe, 
Au was deposited on doped P3HT film with a shadow mask (width: 2 mm and length: 250 
µm between two Au electrodes). Metal-insulator-semiconductor structure is achieved from 
P3HT/SiO2 in order to measure capacitance values of pure and doped P3HT. The area of 
doped P3HT for the capacitor is defined by O2 plasma etching using Au gate mask with 4 
types of length: 0.95, 1.1, 1.25, and 1.4 mm and the same width of 2 mm.  
 
2.2.5 Basic electrical performance of Si-FET transducer 
Figure 2.4 shows representative transfer curve (a) and output characteristic (b) of 
the commercial FET, CD4007UB. A CD4007UB chip is comprised of three n-channel and 





Figure 2.4. Representative (a) transfer curve and (b) output characteristic of commercial 
FET, CD4007UB.  
 
The transistor elements are accessible through the package terminals to provide a 
convenient means for constructing the various typical circuits. We used the same n-type 
FET over all experiments in order to remove any possible variable coming from a 
transducer part. Subthreshold swing of 136 mV/dec and Vth of 1.5 V are observed in the n-
type FET. High on/off ratio up to 108 is obtained (Figure 2.4a). 
 
2.2.6 Basic electrical properties of P3HT OFET 
Before investigations of molecular doping effects between P3HT and F4TCNQ, the 
semiconducting activity of P3HT is confirmed by making an organic FET (OFET). Figure 
2.5a shows the transfer curve of a P3HT OFET measured by double sweeping mode. A 
300-nm-thick SiO2 dielectric is used as the gate dielectric of P3HT OFET. Width and 
length of OFET are 2 mm and 0.25 mm, respectively. Transfer curves are repeated 10 times 
under 𝑉𝑔 sweeping ranging from -100 V to 25 V while the drain voltage is set as -100 V. 
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Vth  of P3HT OFET calculated from Figure 2.5b is 11 V. μh  at saturation regime is 









where ID is drain current and Ci is capacitance per area of gate dielectric. It is noted that a 
typical value of μh for spin-coated undoped P3HT is 0.01 cm
2/Vs in the literature34. 
 
 
Figure 2.5.  (a) Representative transfer curve of P3HT OFET measured by the double 
sweeping mode. (b) √|ID|  vs gate voltage plot.  
 
2.2.7 Construction of RGFET detection system 
The RGFET detection system is divided into two parts: a commercial Si-FET 
(CD4007UB) and an RG module. Si is used as electrode for P3HT/SiO2/Si substrate on an 
RG module and is electrically coupled to the gate of Si-FET. 25 μl of each varying 
36 
 
concentration of dopant dissolved in ACN is placed on the P3HT surface of the RG module. 
An Ag/AgCl reference electrode is placed in the solution in order to apply the gate bias for 
all measurements. Any potential variation on the RG modules is transferred to the gate of 
the FET by shifting Vth,RG . All transfer curves are measured by using a Keithley 
semiconductor analyzer with a drain voltage set at 50 mV. Each Vth,RG is extracted from 
the gate voltage which corresponds to a drain current of 1 µA. After the stabilization 
process, varying concentration solutions of F4TCNQ, from low to high concentrations, are 
placed on the surface of each RG module and Vth,RG shifts are monitored. After injecting 1 
mg/ml of F4TCNQ solution, remote modules were then repeatedly washed 3 times with 
pure ACN and then the RG is remeasured under a new pure ACN.  
 
2.3 Results and Discussion 
2.3.1 Conventional spectroscopic observations 
UV-Vis-NIR spectroscopy is the most typical way to analyze the doped films.  
There is a charge transfer reaction involving an appropriate donor (P3HT) and acceptor 
(F4TCNQ) that produces polaronic species creating many sub-gap absorptions.35 Figure 
2.6 presents the UV-Vis-NIR spectra of P3HT films doped sequentially with varying 






Figure 2.6. UV-Vis-NIR spectra of P3HT films doped by F4TCNQ dissolved in ACN 
ranging from 100 ng/ml to 1 mg/ml. 
 
 
The spectra of the lightly doped P3HT films (≤1 µg/ml) are comparable to that of 
undoped P3HT film. Higher F4TCNQ concentrations (≤10 µg/ml) on P3HT begin to 
produce distinguishable changes in optical absorbance. A pronounced sub-band gap 
absorption occurs at 3.0, 1.8, 1.6, and 1.4 eV from heavily-doped P3HT films (≤100 
µg/ml). In particular, the prominent 1.4 and 1.6 eV peaks describe singly negatively 
charged F4TCNQ as F4TCNQ undergoes integer charge transfers with P3HT sites36. 
 XPS study of the doped P3HT film processed identically to Figure 2.6 is performed 
in Figure 2.7. For the surface of undoped P3HT, only the S 2p peak is observed which 
originates from the thiophene backbone in P3HT. In case of the doped P3HT surfaces, 
higher intensity signals of both F 1s and N 1s which originates from F4TCNQ are shown 
with a less intense peak of 2s. In particular, the P3HT surface doped by 1 mg/ml F4TCNQ 
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solution presents an insignificant peak of S 2p, indicating that F4TCNQ radical anions fully 
cover the surface of P3HT by taking a form of the additional layer of F4TCNQ as 




Figure 2.7. XPS spectra of doped P3HT films processed identically to Figure 2.6. 
 
Figure 2.8 shows the microscopic images of the doped P3HT films made identically 
to Figure 2.6. No observable changes are shown until the addition of F4TCNQ solution 
concentration of 10 µg/ml onto the P3HT surface. Heavily-doped P3HT films (≥100 
µg/ml) start to show phase-segregated F4TCNQ domains on the P3HT surface, which 
corresponds to the XPS observation in Figure 2.7. This F4TCNQ aggregate layer on the 




Figure 2.8. Microscopic images of doped P3HT films processed identically to Figure 2.6. 
 
This overlaying F4TCNQ layer or aggregation of F4TCNQ on the P3HT surface is 
also confirmed by XPS depth profiling of P3HT surface exposed to 1 mg/ml F4TCNQ as 
shown in Figure 2.9. The peak of S 2p (indicating P3HT) is higher at the shallow surface 
where the surface is sputtered for 20 min as shown in Figure 2.9a. After continuing 
sputtering this film, the S 2p peak steadily reduces and eventually disappears because of 
completely removed P3HT from the substrate by sputtering. Likewise, the initial doped 
P3HT displays higher concentrations of F4TCNQ on the surface shown as higher peak of 
F 1s at the initial state (Figure 2.9b). That is, F4TCNQ counter-ions fully cover the P3HT 
surface. After sputtering surface, intensity of F 1s is largely reduced. Similar decreased 
amounts of dopants are observed from the shallow surface towards the SiO2 surface (Figure 
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2.9b). Remaining F4TCNQ even after 60 min sputtering is totally removed by further 




Figure 2.9. XPS depth profiling of P3HT/SiO2 exposed to 1 mg/ml F4TCNQ. XPS spectra 









2.3.2 Molecular doping characterized by RGFET 
Herein, the molecular doping effects of P3HT films characterized by the 
conventional spectroscopies are newly analyzed by using the RGFET described in Figure 
2.2. The doping effect of F4TCNQ on a P3HT RG is expressed as horizontal shifts in 
transfer curves of the RGFET as shown in Figure 2.11. Particularly, F4TCNQ imposes 
positive charges on the P3HT RG relative to the solution potentials, indicating increased 




Figure 2.11. Response of representative transfer curves of RGFET for F4TCNQ solution 
concentrations from RGs of (a) P3HT/SiO2, (b) SiO2, and (c) PS/SiO2. 
42 
 
On the other hand, no responses are shown from two different control RGs upon 
exposure to F4TCNQ which consist of pure SiO2 (Figure 2.11b) and PS/SiO2 (Figure 
2.11c) because of the lack of interaction between F4TCNQ molecule and materials in 
control RGs.  
Figure 2.12 presents Vth,RG  variations of P3HT/SiO2, SiO2, and PS/SiO2 with 
increasing F4TCNQ concentrations over time. Each step includes 5 consecutive 
measurements taken at incremental times under a specific dopant concentration, 
demonstrated in Figure 2.12. The first three steps are measured under pure ACN without 




Figure 2.12. Representative Vth,RG response from RGs of P3HT/SiO2, SiO2, and PS/SiO2 
on the time scale for F4TCNQ solution concentrations.  
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Therefore, initial Vth,RG (Vth0) obtained during the stabilization process reflects 
intrinsic properties of RG material surfaces. When the P3HT RG surface is exposed to 
F4TCNQ solutions higher than 1 µg/ml, a sharp shift in Vth,RG occurs, indicating the doping 
process is completed rapidly. Vth0  levels from both control RGs (SiO2, PS/SiO2) are 
maintained with increasing F4TCNQ concentrations. Following all the dopant injections 
up to 1 mg/ml F4TCNQ concentration, the doped P3HT surface is aggressively washed 3 
consecutive times with the pure ACN. The washed RG surface is measured again under 
the pure ACN. Even after aggressive washing of the doped P3HT film surface with pure 
ACN at the end, the change in Vth,RG was insignificant (Figure 2.12). That is, there is no 
full retrieval of the Vth0, implying that only a slight portion of counter-ions were forced off 
by the physical force of fluid flow and the effect of doping is irreversible.  
F4TCNQ counter-ions remaining on the P3HT surface even after washing are also 
observed by XPS data in Figure 2.13. Peaks of F 1s and N 1s (indicating F4TCNQ) are 
reduced after washing surfaces as some portion of F4TCNQ counter-ions covering the 





Figure 2.13. XPS spectra of F 1s, N 1s, and S 2p from P3HT/SiO2 exposed to 1 mg/ml 
F4TCNQ before/after washing. 
 
Figure 2.14 demonstrates Vth,RG  distributions in terms of increasing F4TCNQ 
concentrations over at least 8 samples of each RG. Error bars represent standard error that 
is the standard deviation of its sampling distribution. The measured Vth,RG from respective 
RG is highly reproducible with a small standard deviation. In case of the P3HT RGs, Vth,RG 
varies by responding to 1 µg/ml solution concentration of F4TCNQ. A saturated trend in  
Vth,RG shifting is shown when the F4TCNQ concentration reaches 1 mg/ml.  This saturation 
obviously reflects a solubility limit of F4TCNQ in P3HT. P3HT reveals non-linear and 
irreversible shifts in Vth,RG depending on F4TCNQ concentrations. The slope is measured 
to be 113 mV/M ranging from 1 µg/ml to 1 mg/ml of F4TCNQ, beyond the Nernst limit, 
and Vth,RG shifts. This may have indicated directional electrostatic interactions between 
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F4TCNQ and P3HT at multiple depths of the films. It is noted that the minimum detectable 
dopant concentration by UV-VIS NIR spectroscopy shown in Figure 2.6 was 10 µg/ml 
solution concentration.  
 
 
Figure 2.14. Vth,RG  distributions of each RG in terms of increasing F4TCNQ 
concentrations over at least 8 samples.  
 
 Figure 2.15 shows specificity of Vth,RG response only by the P3HT RG to F4TCNQ 
concentrations.  ∆Vth,RG  is calculated by subtracting Vth,RG  values at each F4TCNQ 
solution concentration from each Vth0. ∆Vth,RG at P3HT RG increases almost up to 30% at 
1 mg/ml F4TCNQ solution concentration compared to Vth0 at undoped P3HT RG. The 






Figure 2.15. Distributions of ∆Vth,RG of each RG normalized with respect to each Vth0 over 
at least 8 samples.  
 
Figure 2.16 shows conductivity of the doped P3HT films processed identically to 
Figure 2.6 that is measured by four-point probe. Increasing conductivity is shown from 
dopant concentrations higher than 1 µg/ml. This propensity exactly corresponds to that of 
Vth,RG shifting shown in Figure 2.15. Initial conductivity of 3.2 × 10
−4 S/cm from the 
undoped P3HT increases up to about 10 S/cm by doping P3HT films at 1 mg/ml F4TCNQ 
solution concentration. At this point, the initial hole concentration (p0) of 2.4 × 10
17 cm-3 
in the pure P3HT film can be calculated via σ = eμhp0 based on the initial conductivity of 
3.2 × 10−4 S/cm and μh of 8.4 × 10





Figure 2.16. Conductivity of doped P3HT films calculated from sheet resistances 
measured by four-point probe over 4 samples. 
 
We investigate whether there are significant variations in 𝐶𝑅𝐺  levels from 
molecular doping effects. 𝐶𝑅𝐺 is evaluated via MOS capacitors of a bare SiO2 and doped 
P3HT/SiO2 substrates as shown in Figure 2.17. No dramatic changes in 𝐶𝑅𝐺 are observed 
upon doping of F4TCNQ in Figure 2.17. Rather, a similar level of capacitance is obtained 






Figure 2.17. Capacitance distributions of doped P3HT/SiO2 films over 8 samples 
measured via metal-insulator-semiconductor structure. 
 
Each doped P3HT film is connected as extra resistance and capacitance inputs on 
the RG as shown in Figure 2.18. No changes in Vth,RG are observed from this connection. 
Vth,RG levels from all doped P3HT films remain the same as Vth of the intrinsic Si-FET. 
This result infers that change in conductivity and resistance on the RG system does not 






Figure 2.18. Vth,RG  response of doped P3HT films connected as an extra resistance or 
capacitance input to the gate of FET. 
 
Figure 2.19 shows Vth0 distributions of P3HT RGs in the pure ACN but having 
divergent structures of the P3HT RG such as different thickness of SiO2 and P3HT layer, 
a solution contact area, and a type of electrode. A 46-nm-thick P3HT layer is spin coated 
on an ITO/PET substrate and Si/SiO2 substrates with different oxide thicknesses of 70 nm 
and 300 nm, respectively. Much thicker P3HT (~1 mm) is achieved by drop-casting on a 
300-nm-thick SiO2 substrate. Interestingly, any structural variation in the RG leads to a 
similar level of Vth0 once they have the same interface (i.e. P3HT and ACN). This indicates 
that the fabrication variables in CRG applied above are insignificant compared to our large 
measured doping area of CRG (at least 0.5 cm diameter) which is used to make a contact 
with F4TCNQ solution on P3HT/SiO2. Likewise, a larger doping area (2 cm diameter) 
leads to a similar Vth0 level. This is because the large measured area enables the effect of 
CRG negligible in relation to the total capacitance of RG FET as is a case for the CDL. 
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Therefore, Vth0 is given by the intrinsic property of P3HT in the pure ACN and Vth,RG 





Figure 2.19. Vth,RG distributions over at least eight samples of each case of P3HT RG 
measured in the same ACN. Different structures of P3HT RGs are prepared: 1. Spin-coated 
P3HT (46 nm) on SiO2 (70 nm); 2. Spin-coated P3HT (46 nm) on SiO2 (300 nm); 3. Drop-
casted P3HT (1 mm) on SiO2 (300 nm); 4. Spin-coated P3HT (46 nm) on SiO2 (300 nm) 




Fabrication variables above results in no changes in Vth0. This supports equation 
(1.12), ΔVth,RG =  Δ𝜑𝑠 𝑜𝑟 ΔΦ𝑅𝐺, inferring the RGFET only translates interface potentials 
on RG modules. 
Thicker P3HT layers, however, provoke larger shifts in Vth,RG  during doping 
reactions. Figure 2.20 shows Vth,RG responses from RGs with different thickness of SiO2 
and P3HT layer. Insignificant difference in Vth,RG  curves is observed from different 
thicknesses of SiO2 (70 nm vs 300 nm) with the same P3HT layer (45 nm). This is because 




Figure 2.20. Vth,RG distributions of RGs with spin-coated P3HT on a 70-nm- and 300-nm-
thick SiO2 and drop-casted P3HT on a 300-nm-thick SiO2 for F4TCNQ solution 
concentrations over at least 8 samples. 
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However, a thick P3HT film (~ 1 mm) made by drop-casting produces larger Vth,RG 
shifts over all ranges of F4TCNQ concentrations, compared to those of thin P3HT layers. 
This indicates the increase in number of electroactive sites per area in thick P3HT layer 
because of diffusion of F4TCNQ into the thick P3HT layer. 
Our RGFET also characterizes different redox potentials of electron acceptors such 
as TCNQ and TCNE in terms of different Vth,RG shifts as shown in Figure 2.21. Fluorine 
atoms shown in F4TCNQ with higher electronegativity promote more electron transfer 




Figure 2.21. (a) Chemical molecule structure of F4TCNQ, TCNQ, and TCNE.  (b) Vth,RG 
distributions of P3HT/SiO2 RG over at least 6 samples vs. each dopant concentration of 
F4TCNQ, TCNE, and TCNQ. 
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TCNE has a similar electronegativity to that of TCNQ but the molecular size of 
TCNE is much smaller than that of TCNQ. Figure 2.21b presents Vth,RG distributions from 
each dopant. While all electron accepters reduce Vth,RG levels relative to their each Vth0 
with increasing dopant concentrations, there is no full restoration of the changed Vth,RG 
after washing off surfaces as was a way of F4TCNQ.   
The weaker electron acceptor TCNQ presents relatively smaller shifts in Vth,RG 
compared to that of F4TCNQ. Interestingly, TCNE reveals a larger Vth,RG shift than TCNQ 
despite their similar redox potentials in both molecules. Vth,RG at 1 mg/ml concentration of 
each dopant are compared in Figure 2.22. A larger Vth,RG shift in TCNE is possibly because 
of the smaller size of TCNE which allows better diffusion into P3HT domains. This is an 
example that the RGFET characterization offers new information and insight into 
conventional chemical reactions. 
 
 
Figure 2.22. Distributions of Vth0 and Vth,RG at 1 mg/ml concentration of each dopant from 
P3HT RG contacting with F4TCNQ, TCNE, and TCNQ over at least 6 samples.  
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2.3.3 Calculations of hole carrier concentrations and mobilities 
A new model to quantify hole carrier concentrations in the doped P3HT is proposed 
by connecting model of Vth,RG shift with the generation of holes upon doping the surface 
of the P3HT film with varying concentrations of F4TNCQ. Electrochemical fluctuations 
in the potential of Ag/AgCl reference electrodes is negligible (~µV/min). That 
is,ΦRef, ERef,  and  χ
Sol  shown in equation (1.11) are almost consistent in the RGFET 
system.  As we only vary the concentration of F4TCNQ in ACN solution, ϕS that relied on 
proton concentrations would be constant in the measurements. ∆ΦRG in equation (1.12) is 
the only possible factor to cause ∆Vth,RG. 
 
 
Figure 2.23. Schematic image of a concept to relate ∆Vth,RG  to the induced hole 
concentrations in P3HT. 
 
It is well known that change in hole concentrations in a semiconducting layer results 
in change in Fermi level and in a work function of a semiconducting layer. The same 




                                    ΔEF = ΔΦP3HT                    (2.1)   
 
We assume no loss in hole concentrations from any electron transfer and interface 
traps between SiO2 and P3HT. By combining equation (1.12) and (2.1), the following 
relation can be newly derived: 
 
                                 ΔEF = ΔΦP3HT = ∆ΦRG = ∆Vth,RG                 (2.2) 
 
Figure 2.23 shows a schematic image to depict the equation (2.2). At equilibrium, 
the Fermi levels of undoped (EF) and doped P3HT (EFd) are described with the equations 
of classic semiconductor physics as following: 
 
EF = −kT ln (
p0
Nv
) + EHOMO 
EFd = −kT ln (
pd
Nv
) + EHOMO 
 
where p0  and pd  are hole carrier concentration before and after doping, respectively. 
EHOMO  is energy level of the highest occupied molecular orbital, k is the Boltzmann 
constant, and T is temperature (K). Nv is defined as 
 








∗  is effective mass of holes and h is Planck’s constant. 
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ΔEF (EFd − EF) would be: 
 
                          ΔEF = kTln (
p0
pd
)                        (2.3) 
 
By relating equation (2.2) to (2.3) together, ΔEF  can be described in terms of 
∆Vth,RG: 
 
ΔEF = kTln (
p0
pd
) = ∆Vth,RG 
 
 Finally, we arrive at equation to describe hole concentrations after doping in terms 
of ∆Vth,RG by rearranging the equation above: 
 
                                    pd = p0 exp (−
ΔVth,RG
kT
)                      (2.4) 
 
where p0 of 2.4 × 10
17 cm-3 is calculated from Figure 2.16.  
Meanwhile, hole concentrations of the doped P3HT are calculated by using spectra 
of UV-Vis NIR spectra (Figure 2.6) by the conventional method, which starts with the 
following equation:  
 
                                       c =
A
𝜀𝑙




where c is molar charge carrier concentration, l is thickness of the P3HT film (46 nm), A 
is absorbance of the species formed after doping, and ε is molar extinction coefficient. A 
value was calculated by subtracting absorption peak at 644 nm (baseline) from that of 
F4TCNQ at 771 nm. 𝜀 of 2 × 105 /𝑀𝑐𝑚 was used according to the literature value for 
P3HT (Journal of Colloid and Interface Science 2017, 488 373–389). Finally, the acutual 
pd in the doped P3HT is obtained from the following equation:  
 
pd = c × 6.023 × 10
23 
 
However, the reliable values in hole concentrations are only shown from heavily 
doped films (F4TCNQ solution concentrations ≥100 𝜇𝑔/𝑚𝑙). Otherwise, dopant peaks for 
lightly-doped films are indistinguishable (Figure 2.6). 
Hole concentrations calculated by equation (2.4) and (2.5) are shown in Figure 
2.24. For heavily doped films ( ≥ 100 𝜇𝑔/𝑚𝑙 ), calculated hole concentrations are 
comparable from both analyses. However, UV-VIS NIR spectroscopy is limited in its 
ability to characterize lightly doped P3HT films. RGFET characterization of doping effects 
provided higher resolutions for molecular doping effects and precise quantification of 






Figure 2.24. Hole concentrations calculated by Vth,RG shifting model of RGFET and UV-
Vis NIR spectra.  
 
 We further expand equation (2.4) for calculation of mobility by using the very basic 
equation, σ = eμhp0 as shown below: 
 






)                     (2.6) 
 
Figure 2.25 shows hole mobility derived from equation (2.6). It should be noted 
that hole mobility calculated here is only based on ∆𝑉𝑡ℎ,𝑅𝐺 . The mobility value of the pure 
P3HT film calculated by the RGFET system (8.39 x 10-3 cm2/Vs) is comparable to that of 
the P3HT OFET (8 x 10-3 cm2/Vs) in Figure 2.5, which verifies equation (2.6). In Figure 
2.25, heavily doped P3HT layers show the reduction tendency in hole mobility possibly 
because of being rougher morphology by F4TCNQ aggregations on P3HT surfaces. The 
59 
 
F4TCNQ that is sequentially added to the P3HT surfaces leads to crystallites of a certain 
size at high concentrations of F4TCNQ, making rougher morphology. All electrical 
parameters that have been used for calculations are tabulated in Table 2.1. 
As a result, this technique shows a new way to calculate hole mobility of conjugated 
polymer thin films by placing them on the RG module without needing to achieve FET 
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2.3.4 Interface dipoles between metals and F4TCNQ 
Interestingly, pure ITO and Au surfaces showed a response similar to that of P3HT 
films with varying concentrations of F4TCNQ using the same measurement setup.  Figure 




Figure 2.26. Response of representative transfer curves of RGFET with (a) ITO and (b) 
Au RGs in terms of increasing F4TCNQ concentrations. 
 
This is explained as electron transfer from inorganic electrodes into F4TCNQ 
occurring by making interface dipoles between F4TCNQ and ITO when it is energetically 







Figure 2.27. Presumed energy band diagram between Au or ITO and F4TCNQ. 
 
Figure 2.28 presents the Vth,RG responses as a function of F4TCNQ concentration. 
A higher Vth0  in the RGFET setup was observed for the more negatively charged 
(oxyanionic) ITO surface than that of Au. In addition, ITO responds to even lower 




Figure 2.28. Vth,RG distributions over at least eight samples of ITO, P3HT/ITO, and Au 
RGs vs F4TCNQ concentrations.  
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Saturated shifts in Vth,RG upon increasing F4TCNQ concentrations are even shown 
with ITO and Au. That is, Vth,RG is similarly saturated as surface dipole sites were fully 
occupied by F4TCNQ, as was the case for P3HT. In Figure 2.28, the restoration of Vth,RG 
of ITO and Au RGs to each original value after washing off 1 mg/mL F4TCNQ solution 
using pure ACN is not observed, just as for the case of P3HT. We further investigate 
washing effects of ITO surface reacted with F4TCNQ in Figure 2.29. 
Despite adding four more washing steps for F4TCNQ:ITO, F4TCNQ still remains 
on the ITO as shown in Figure 2.29a. Variation of Vth,RG according to additional washing 
steps is compared in Figure 2.29b. After 3 times washing steps, Vth,RG becomes stable, 




Figure 2.29. (a) Vth,RG  distributions over at least 6 samples vs F4TCNQ solution 
concentrations with 4 more washing steps. (b) Variation of Vth,RG at 1 mg/ml F4TCNQ and 
the neat ACN after each washing step with respect to Vth0.  
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This is more clearly shown in XPS spectra of the washed F4TCNQ:ITO surface by 
flowing the pure ACN for 5 s (Figure 2.30). Despite significant decreases of intensity of F 
1s and N 1s peaks, there is remaining F4TCNQ on ITO surfaces. Such an irreversibility of 
reactions between ITO and F4TCNQ indicates the ionized F4TCNQ on the electron donor 





Figure 2.30. XPS spectra regarding fluorine and nitrogen on 1 mg/mL F4TCNQ:ITO 
surface before/after washing. 
 
It would be interesting to compare ITO response with either concentrations of 
proton or F4TCNQ at the same plot to understand better about general characteristics of 
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interface dipoles. ITO reveals Vth,RG shift in terms of changes in surface potential, which 
is described with a site-binding model. The maximum sensitivity achievable in terms of a 
variable of concentration is 59 mV/pH at 25 °C, the well-known Nernst limit. Also, ITO 
reversibly retrieves electrochemical potentials for each pH value.  
Figure 2.31 shows Vth,RG  response of ITO surfaces for proton and F4TCNQ. ITO 
has a linear response of 51 mV/M for every 10-fold increase in proton concentration. ITO, 
however, reveals non-linear and irreversible shift in Vth,RG for F4TCNQ concentrations. 
The slope is measured to be 145 mV/M, beyond the Nernst limit, and Vth,RG shifts. This 
may have indicated chemical reactions beyond simple Coulomb attractions between 
F4TCNQ and ITO, or interactions on a rough ITO surface. Saturated tendency in Vth,RG at 
high concentrations of F4TCNQ suggests that there are limited electroactive sites for 
F4TCNQ binding on electron donor ITO surfaces. 
 
 




At this point, we compare Vth0  and Vth,RG  values at 1 mg/mL F4TCNQ as a 
function of type of RG substrates in Figure 2.32. Vth0 levels from each RG are uniform, 
respectively, reflects initial electrochemical potentials of each surface in ACN. Therefore, 




Figure 2.32. Vth,RG distributions over at least eight samples versus type of RG substrate 
under the same solution condition of neat ACN and 1 mg/mL F4TCNQ. Different RG 
structures are prepared: 1. ITO/PET; 2. Spin-coated P3HT/ITO; 3. Au/PET; 4. Drop-casted 
P3HT/SiO2; 5. Spin-coated P3HT//SiO2; 6. Pure SiO2. 
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To be specific, any RG incorporating P3HT surfaces shows a similar Vth0 level (i.e. 
~1.2 V) although the P3HT layer is deposited on different substrates such as SiO2 and ITO. 
Likewise, F4TCNQ shows propensity that imposes specific Vth,RG by interacting with each 
different RG (i.e., ∼0.8 V at 1 mg/mL F4TCNQ). This behavior could be interpreted as a 
similar number density of F4TCNQ occupying and oxidizing the sites on each donor 
surface and the majority of F4TCNQ molecules undergoing integer charge transfer with 
the electron donors. It also indicates constraints in oxidizing sites by F4TCNQ with any 
electron donor surface which leads to a saturated Vth,RG  shift at high concentration of 
F4TCNQ.  Changes in 𝜙𝑅𝐺 given by F4TCNQ are a critical factor in making Vth,RG shifts. 
However, Vth,RG at 1 mg/mL of F4TNCQ is slightly varied depending on the types of RG 
surface possibly because of different numbers of oxidizing sites of each RG. It is noted that 
Vth,RG at 1 mg/mL of F4TNCQ from very thick drop-cast P3HT is lower than that of spin-
coated P3HT. 
 
2.3.5. Diffusion monitoring system by RGFET 
We now turn our attention to additional applications of the RGFET to monitor the 
diffusion of small molecules in a passive polymer such as PS. Briefly, ITO sensitive to 
F4TCNQ is used as sensing membrane for F4TCNQ that penetrated through a passive 
polymer on the ITO as shown in Figure 2.3. F4TCNQ responses are compared using four 





Figure 2.33. Schematic image of RG setups for diffusion monitoring system. 
 
Response of transfer curves from PS/ITO RG for F4TCNQ solution concentrations 
are shown in Figure 2.34. Transfer curve starts to respond the concentrations of F4TCNQ 
at least higher than 10 μg/ml F4TCNQ. Vth,RG of PS/ITO at 1 mg/ml F4TCNQ is exactly 
overlapped with that of ITO at 1 mg/ml F4TCNQ. It is noted that the pure ITO without the 
PS layer revealed Vth,RG changes for the concentration of F4TCNQ even below 1 μg/ml 
(Figure 2.31).  
 




Furthermore, there is even no change in transfer curves from PS/SiO2 as shown in 
Figure 2.11c because there are no interacting materials with F4TCNQ molecule over the 
PS/SiO2 RG.  
Figure 2.34 shows representative Vth,RG response from the neat ITO, PS/SiO2, and 
PS/ITO RG over time, clearly showing the tendency mentioned above. This result indicates 





Figure 2.34. (a) Representative Vth,RG response from the neat ITO, PS/SiO2, and PS/ITO 
RG for F4TCNQ solution concentrations over time. (b) Distributions of Vth,RG variation 





Diffusion of F4TCNQ in XLPS is measured. Cross-linking of PS polymer chains 
is done by using polystyrene-co-4-vinylbenzocyclobutane under high temperature of 
180 °C (Figure 2.35a). Cross-linked polymer chains provide more rigid structures in the 
polymer layer opposing solution diffusion than normal PS.  
Representative transfer curves from thick XLPS RG are shown in Figure 2.35b. 
Vth,RG  response is mostly shown under high concentration of F4TCNQ solution of 1 




Figure 2.35. (a) Chemical polymer structure of PS and XLPS. (b) Representative response 




The thin XLPS, however, show larger Vth,RG response that is comparable to that of 
normal PS as shown in Figure 2.36a. This diffusion monitoring system is different from 
any conventional methods based on UV−vis−NIR and PL spectroscopy that required 




Figure 2.36. Representative Vth,RG response from thin and thick XLPS RGs for F4TCNQ 
solution concentrations over time. (b) Distributions of Vth,RG variation with respect to 
Vth0 from thin and thick XLPS RGs over at least eight samples.  
 
2.4. Conclusion 
The RGFET system is newly used for characterization of molecular doping effects 
between P3HT and F4TCNQ. Hole concentrations of P3HT doped via sequential doping 
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methods are quantified by relating them to Vth,RG  shifts and work function changes in 
P3HT. In the detection mechanism, F4TCNQ occupies sites on electron donor surfaces by 
creating surface dipoles and the associated hole carriers impose positive charges in P3HT, 
which is detected by an FET transducer. As F4TCNQ fully covers the surfaces on electron 
donors, electronic potentials of electron donors are fully determined by F4TCNQ 
irrespective of types of materials. Almost all the bound F4TCNQ undergoes integer charge 
transfer with those electron donors. Hole mobility of doped P3HT is derived from hole 
concentrations calculated from Vth,RG shifts.  
We monitor physical diffusion of F4TCNQ in PS driven by concentration gradients 
using an FET setup. Conventional diffusion monitoring system based on UV−vis−NIR and 
PL spectroscopy requires interactions between host materials and diffused molecules. In 
this work, this FET analysis tool offers a means of monitoring the physical diffusion of 
small molecules, exemplified by F4TCNQ, in the passive polymer polystyrene, driven by 
concentration gradients. My FET detection system offers quantification of the diffused 
small chemical molecules between specific polymer layers under electric fields. Inter-
diffusions of molecules between permeated, soft organic materials under electric fields is 
particularly one of the most profound issues in organic electronics, provoking degradations 
of electric performance and instability. This is because diffused molecules change intrinsic 
electrical properties of organic materials by acting as impurity in pure organic materials. 
While highly limited technique has shown to characterize this diffusion effects so far, my 
FET detection technique would offer a way to monitor kinetics of inter-diffusions between 
polymer and small chemical molecules. Also, better understanding in critical factors in 
diffusions and sequentially proper designing of materials lead to a way to improve stability 
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and reliability of organic-based electronics over diverse fields of display, energy device, 
biosensors, and organic FET technique. 
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Characterization of polymer-solution interface by RGFET 
3.1. Introduction 
FET biosensors inevitably contain a solution interface contact on the sensing 
material where receptors for dissolved biomarkers are placed. A solution interface under 
the influence of an electric field is a source of electrochemical instability such as electric 
drift and hysteresis. While mechanistic factors behind drift have been an enigma, drift alone 
has been one of the most challenging issues for real-time diagnosis, affecting device 
sensitivity, specificity, and LOD.37-39  
Organic materials have shown larger electrochemical instability compared to 
inorganic surfaces40-42 despite their promising advantages such as low-cost production, 
transparency, flexibility, and wearabiliy.43,44 Nonetheless, the chemical, electrical, and 
physical properties of these organic materials have consistently been enhanced by fine-
tuning the structures via molecular synthesis. Recently, conjugated semiconducting 
polymers based on polyaniline, polypyrrole, and polythiophene have received considerable 
attention as active sensing layers for organic electrochemical transistors (OECTs) due to 
their enhanced stability, long lifetime, and fast response for voltage cycles in ionic 
liquids.45 At the same time, dopable π-conjugated polymers exhibit vaguely understood 
interactions such as ionic doping by counter-ions46 and non-covalent interactions with 
small charged chemical molecules.47 Meanwhile, classic amphiphilic co-polymers such as 
poly(styrene-co-acrylic acid) (PSAA) were proposed to specifically improve the physical 
stability of a bio-interfacial layer in aqueous solution.12,48 The polystyrene in PSAA 
sterically hinders the full functionality of the acid groups on the substrates under aqueous 
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media exposure. With a variety of options in tailoring specific properties of organic 
materials, progress in bioelectronics requires better understating of the origin and detailed 
mechanism of the conundrum associated with the electrochemical instability that stems 
from the sensing surface properties and the solution behaviors in the applied electric fields.  
Drift in FET-biosensors is typically manifested as a relatively slow, monotonic, 
temporal change in Vth under repeating voltage cycles that is not caused by variations in 
the electrolyte composition and concentrations of biomarkers in solutions as shown in 
Figure 3.1a. Hysteresis is defined in the Vth of transfer curves by measurement through a 
double sweeping mode as shown in Figure 3.1b. With less dependence on sensing material 
types, repeating voltage cycles have often resulted in directional increase in Vth of n-FET 
transducers with a specific saturation in drift.49 This infers that the solution interface above 
the gate insulator delays the response of charge carriers in the semiconductor of the gate 
voltage and requires a certain amount of time in order to reach quasi-equilibrium subjected 
to repetitive external electric fields. This hypothesis leads to several plausible drift factors 
in classic models, such as the formation of negative space charges either inside or near a 
gate sensing layer caused by the accumulation and migration of ions,50,51 injection of 
electrons,52 diffusion of OH- ions,49,53 and slow response of buried surface sites.54,55 
Another theory described irreversible decreases in dielectric permittivity (εr) of the 
hydrated surface which decrease the total capacitance in the FET system resulting in 
increased Vth .
39 Such similar drift behaviors observed over a diverse range of sensing 
materials infers that a similar influence of the electrolyte on the sensing surface can also 
depend on electric fields but less attention has been paid to this effect in conventional 
models above.  
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Figure 3.1. Definitions of (a) electrical drift and (b) hysteresis in transfer curve. 
 
The inconsistent εr value of solutions associated with the application of electrical 
fields has been reported in many molecular dynamic (MD) simulations.56-60 Dipoles are 
aligned on the material surfaces to minimize the dipole-field interaction energy along an 
applied electric fields.61 The development of orientational ordering of dipoles near the 
interface (saturation effect)60 as shown in Figure 3.2 gives rise to a charge screening58 and 
steep reductions of εr of the solutions compared to bulk with decreasing polarizability.
59-62 
As a matter of fact, intrinsic surface charge itself affects the density, arrangement, 
configuration, dynamics, and orientation of ions and polarized molecules at the interface 
apart from the effects of electric fields. Nonetheless, high enough gate electrical fields 
make orientational ordering of dipoles onto the interface independent from surface charges, 
even for hydrophobic surfaces that possess strong repulsive forces with the polarized 
molecules63,64. The saturation effect arisen from external electrical field leads to significant 
reductions of 𝐶𝐸𝐷𝐿
20-21, 28 which is typically a series capacitance leading to the gate 
electrode of an FET. The MD studies above; however, mostly remained theoretical 
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simulations combined with a fundamental measurement of the parameter, providing only 




Figure 3.2. Schematic image of orientational ordering of water dioples at the interface due 
to the applied electric field. 
 
It is difficult to discriminate such a saturation effect on a conjugated polymer in 
particular by using an OECT structure which has a direct solution contact on the conjugated 
polymer (no insulator). The drain current of OECTs is determined by multiple species such 
as hole carriers, mobile ions in solutions, ions that diffuse into conjugated polymers, and 
interface traps between material interfaces. Also, current flow through a conjugated 
polymer causes changes in its electrical properties associated with redox reactions. At this 
point, the RGFET structure, isolating a sensing surface from the FET transducer, is highly 
desirable to investigate properties of electrochemical interfaces. There is no current flow 
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in the sensing surface as shown in chapter 1.2.1 and the Si-FET only translates the 
properties of the electrochemical interface between sensing surface and solution.  
In this chapter, I connect drift and hysteresis to slow dipole rearrangement at the 
interface by observing change in Vth,RG  (∆Vth,RG)and transconductance (∆Gm ) in the 
RGFET system. Vth of Si-FET transducer (1.5 V) is consistent as shown in Figure 1.9. 
Therefore, any change in Vth,RG is related to change in electrochemical potential of the 
interface. An additional parameter, Gm, is used for further analysis on the interface. When 
the Gm of the RGFET varies in a system, this reflects a gate voltage dependence of either 
the interfacial potential or the impedance of the RG, since the solution and sensing layers 
are spatially separated from the FET itself. Gm in the typical FET decreases with increasing 




Figure 3.3. Gm of the Si-FET measured by forward/reverse sweeping mode. 
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In our RGFET system, the interfaces of the Si-FET remain stable over all electrical 
measurements by showing high Gm of 66 µS (Figure 3.3) before introducing a solution 
interface on the RG. Gm is calculated to be its maximum value. Gm  levels of a Si-FET 
measured by both forward and reverse sweeping modes are exactly overlapped. This infers 
that Gm has no voltage dependency in case of a stable Si-FET. 
Both the polarized molecules and ions in solutions change their configurations at 
the interface along with the external gate electric fields, causing gate voltage dependent 
changes in electronic parameters observed as changes in Gm  of the RGFET system as 
described in Figure 3.4. That is, if there is a change in Gm in the RGFET, effective Gm is 
attributed to properties of solution interface. That is, high Gm of the RGFET that is close 
to that of FET indicates a good solution interface, and vice versa. Gm of each RGFET was 




Figure 3.4. Schematic image of ΔGmby having an additional interface on RG surface. 
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Systematic studies in drift and hysteresis were performed by alternating magnitudes 
of surface charges and dipole moments of solutions in solution/RG systems. Electrical 
properties of RG surfaces are varied by having ITO, SiO2, HMDS, PS, and PSAA 
copolymer (60% PS) surfaces. Different dipole moments were applied on each RG surface 
through the incorporation of varying solutions such as an aqueous media at pH7 and 
organic solvent such as ACN, respectively.  
We discovered that a slow process of dipole rearrangement on the interface plays a 
major role to provoke the electronic drift. Hysteresis stems from the slow, unsaturated, 
dipole arrangement. Hydrophobic components interacting with dipoles produce severe 
drift, hysteresis, and reduction of Gm. In PSAA, undesirable hydration on the hydrophobic 
PS backbone screens the carboxylic acids units for proton conduction as evidenced by a 
limited pH response of 5.4 mV/pH in a range from pH7 to pH11. This result led us to 
consider doped, charged backbones. Conductive, charged components on the surface were 
found to allow fast quasi-equilibrium under EF which leads to insignificant drift/hysteresis 
in aqueous solutions.  
Accordingly, we investigated the electrochemical interface of conjugated polymers 
that meet the aforementioned criterion such as P3HT by using P3HT as a sensing surface 
on an RG module. The positively charged P3HT surface shows much less drift and 
hysteresis in aqueous solution. Based on this observation, we propose carboxylic acid-
functionalized P3HT (poly [3-(3-carboxypropyl) thiophene-2,5-diyl] (PT-COOH)) as a 
high quality sensing layer with even stronger stability and reliability. The drift of PT-
COOH is almost comparable with that of an inorganic counterpart such as ITO. Our RG 
system evaluates pH sensitivity of P3HT (17 mV/pH, ranging from pH3 to pH11) which is 
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intrinsically provoked by proton doping into P3HT. PT-COOH, with more stable 
electrochemical interfaces from the polar COOH groups in an already charged 
environment, produces even higher pH response (30 mV/pH, ranging from pH3 to pH7) 
compared to that of the more hydrophobic PSAA. 
 
3.2. Experimental section 
3.2.1. Sample preparation  
The same sized SiO2/Si substrates with 300 nm thickness of oxide are created and 
pretreated before deposition of varying surface material to be analyzed. A standard RCA 
cleaning process is applied in order to remove any contamination on the SiO2 surface. 
HMDS is deposited on the SiO2 substrate via vacuum baking at 120 °C for 2 hours and 
then the samples are sonicated for 15 min in hexane and followed by IPA. A solution of 35 
mg/ml of PS is prepared by dissolving the polymer in chloroform. PS is spin-coated on the 
SiO2 substrate at 1500 RPM for 1 min. PS/SiO2 RG is baked at 120 °C for 2 hours for 
solvent outgassing. PSAA solution is prepared at concentration of 10 mg/ml in 
tetrahydrofuran and is spin coated on the SiO2 substrate at 1500 RPM for 1 min. 
PSAA/SiO2 RG is baked at 80 °C for 2 hours. A concentration of 10 mg/ml of P3HT 
(Solaris, SOL4106) and PT-COOH are prepared by dissolving each polymer in 
chlorobenzene and dimethylformamide, respectively. The prepared solutions are then 
sonicated for 1 hour and heated at 60 °C overnight for polymer to be fully dissolved while 
the PT-COOH requires the temperature to be raised to 115°C for 20 minutes. P3HT and 
PT-COOH are then spin coated on SiO2/Si under 1600 RPM for 1 min and 1600 RPM for 
5 min, respectively. PSAA/SiO2 RG is baked at 80 °C for 2 hours. All concentrated 
83 
 
solutions are filtered using a hydrophobic PTFE or hydrophilic PTFE syringe filter before 
spin-coating method. ITO/PET (Sigma Aldrich, 639303) was sliced (1× 2 cm) for the RG 
and is cleaned with isopropanol for 20 min under ultrasonication, and rinsed with distilled 
water for 20 min. 
The prepared RG Si substrate was electrically connected to the gate of a commercial 
Si-FET. Aqueous solution at defined pH or ACN was placed on each RG surface. An 
Ag/AgCl reference electrode was placed in the solution in order to apply the gate bias for 
all measurements. All transfer curves were measured by using a Keithley semiconductor 
analyzer with a drain voltage set at 50 mV and the gate voltage left at double sweep mode. 
pH sensitivity of each RG surface was evaluated by using standard pH buffer solution. Vth 
is calculated as the gate voltage corresponding to drain current of 1 µA in each transfer 
curve.   
 
3.2.2. Definitions 
We classify the electrical potential shifts of the solution/RG system with reference 
to Vth of the intrinsic Si-FET (1.5 V). That is, when Vth of the RGFET becomes higher than 
that of the original Si-FET, we state that the solution/RG system imposes the negative 
electrical potentials on the gate of the Si-FET (which is n-type, making it more difficult to 
turn on) and vice versa. The drift voltage (∆Vdri) is calculated as the difference between 
the Vth0 and the saturated Vth,RG (Vsat) of the experimental condition. Vth0 of the RGFET 
before drifting behavior is an indication of the initial surface potential of each RG material 
in each solution. Hysteresis voltage (∆Vhys) is calculated as a difference in Vth,RG between 
forward and reverse scanning during a double sweeping mode. 
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3.3. Results and Discussion   
3.3.1. Conductive inorganic surface ITO 
ITO is a material well known to show relatively ideal behavior in aqueous 
solution.65 Drift and hysteresis of the ITO surface are evaluated in both ACN and pH7 
aqueous solution. Figure 3.5 shows representative transfer curves of the RGFET with ITO 
RG measured in (a) ACN and (b) pH7. The measurements of transfer curves are repeated 
for 30 cycles in ACN and 100 cycles in pH7 solution by using a double sweep mode at the 
gate voltage ranging from 0 to 5 V. Each Gm level is calculated from all transfer curves.  
Repeating transfer curves and Gm curves show no significant or observable changes in the 




Figure 3.5. Zoomed-in representative transfer curves of ITO RGFET with a double sweep 




Figure 3.6 presents Vth,RG and Gm distributions of ITO RG in ACN and pH7 over 
the time of repeated cycling. Vth,RG and Gm are measured by forward and reverse sweeping 
mode. ITO RG shows no observable changes in each Vth,RG and Gm for ACN and pH7 
water. Also, Vth,RG and Gm have no gate voltage dependency as was a case of Si-FET. As 
the isoelectric point (pI) of ITO is 6, the ITO surface becomes only slightly negative 
charged with exposure to pH7 which is shown in the increased Vth0  in pH7 (1.54 V) 




Figure 3.6. Vth,RG and Gm distributions measured by forward/reverse sweeps over 10 and 




Initial Gm  (Gm0 ) levels of 65.8 µS in ACN and 64.8 µS in pH7 are almost 
comparable to that of the original Si-FET (66 µS). That is, Gm0 of ITO RG decreases only 
by 0.3% in ACN and 1.8% in pH7 with respect to Gm of the Si-FET. This means that ITO 
surfaces in both ACN and pH7 achieve highly stable interface states. 
The ITO surface reversibly interacts with aqueous media by responding to proton 
concentrations in pH solutions in a way that has been descibed as a site-binding model.66 
Figure 3.7 shows response of representative transfer curves for proton cocentrations from 




Figure 3.7. (a) Zoomed-in representative pH response of transfer curves from the ITO RG 
measured with the double sweep mode at the VG range from 0 to 5 V. (b) Vth,RG and Gm 
distributions of ITO RG over 6 samples in terms of pH value. (c) Vth,RG response via a pH 
loop of pH7-pH4-pH7-pH10-pH7 showing high reversibility of pH sensing response. 
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Transfer curves reveal a linear Vth,RG shifting as a function of pH values without 
changing the shape of the transfer curves or Gm in a double sweeping mode. High proton 
concentrations increases surface potential (𝜑𝑠), which leads to reduction of Vth,RG. The pH 
sensitivity is estimated to be 52 mV/pH with the linearity of 99.7% as shown in Figure 
3.7b. At the same time, there is no change in Gm levels while Vth,RG levels are changed by 
changing pH values. Also, a specific Vth,RG level is determined for each pH value by the 
ITO surface showing high reversibility of pH response of ITO as shown in Figure 3.7c. 
 
3.3.2 Conventional non-conductive surfaces in water 
In order to understand the general properties of drift and hysteresis, conventional 
non-conductive surfaces of SiO2, HMDS, PS, and PSAA are investigated first as shown in 
Figure 3.8.  
 
 
Figure 3.8. Schematic image of the RGFET system for characterization of the solution 
interface. Different types of non-conductive RG surfaces are prepared: 1. Pure SiO2; 2. 
HMDS/SiO2; 3. PS/SiO2; 4. PSAA/SiO2.  
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The SiO2 surface specifically contains a mechanistic contributor to drift from slow 
hydration of buried hydroxyl sites underneath SiO2 surfaces.
39,55 The negatively charged 
surface (pI: 2) of SiO2 made favorable contact with water. The hydrophobic surfaces of 
HMDS of PS should have zero ionic charge. PSAA (60% PS) incorporates a hydrophobic 
backbone of PS and ionizable carboxylic acid groups.   
Figure 3.9 presents representative transfer curves from non-conductive RG surfaces 
of SiO2, HMDS/SiO2, PS/SiO2, and PSAA/SiO2 in a pH 7 solution measured for 100 cycles 
under double sweeping mode. The transfer curves in Figure 3.9 are selected at 
measurements every ten times during 100 cycles. All RG surfaces shift transfer curves of 
the n-type FET transducer to the rightward direction during drift without changes in the 
shape of transfer curves. This indicates that drift provokes mostly changes in 
electrochemical potentials on the RG system. Also, each transfer curve measured by the 
forward sweeping mode is further moved to the right during the measurements at the 
reverse sweeping mode, designating the difference as hysteresis in transfer curves. This 







Figure 3.9. (a) Zoomed-in representative transfer curves of (a) SiO2, (b) HMDS/SiO2, (c) 
PS/SiO2, and (d) PSAA/SiO2 in a pH 7 solution at the VG ranges from 0 to 5 V measured 
for 100 cycles under double sweeping mode. 
 
Figure 3.10 shows drift curves in Vth,RG from (a) SiO2, (b) HMDS, (c) PS, and (d) 
PSAA that only consider Vth,RG measured by the forward sweeping mode from transfer 
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curves in Figure 3.9. Vth,RG  is calculated as the gate voltage in transfer curves that 
corresponds to drain current of 1 μA. At the first cycle of drift measurements, transfer 
curves are repeated for 100 cycles at forward sweeping mode. After a 30-second break, the 
same measurements are further repeated during 30 cycles at following second cycle of drift. 
One distinguishable common feature is the increased Vth,RG during the drift, regardless of 
electrical properties of RG surfaces. This means that all solution interfaces at RG surfaces 
impose positive electrochemical potentials on the gate of the n-type FET transducer during 
drift.  
Also, the drifted Vth,RG  is saturated at a similar level of Vth,RG  after repeated 
measurement cycles of transfer curves at the VG range from 0 V to 5 V for at least 4 min 
except for the PS layer. This certain amount of saturation time indicates that dipoles are 
slowly accumulated by the gate voltage on each surface, which is applied constantly but at 
varying magnitudes during the four minutes (and afterwards). Vth,RG  at saturation is 
defined as Vsat which is 1.86 V for SiO2, 1.83 V for HMDS, 1.84 V for PS, 1.8 V for PSAA. 
This indicates a similar net interfacial potential from combined contributions of the 
material boundaries and dipole orientations. Each saturated Vth,RG, however, goes back to 
their Vth0 when gate voltage cycles are concluded even for 30 sec, as shown on the right 
sides of each drift curve in Figure 3.10. This indicates that dipoles are temporarily anchored 
at the interface only as a result of applied electric fields.  
Such behavior in turns brings into questions why water dipoles are not fully 
released at a zero voltage which is applied at the start of each gate voltage sweep, but 
instead remain oriented to continue contributing to continuous drift over many cycles. It 
should therefore be pointed out that at the start of each sweep, the near-zero voltage 
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application only lasts for ca. 0.75 sec out of the 7.5 seconds taken per sweep. The response 
of dipoles to gate voltage would be slower than that of this 0.75 seconds near-zero V 
interval time.    
 
 
Figure 3.10. Vth,RG  distributions over 6 samples in pH7 with the RG of (a) SiO2, (b) 
HMDS/SiO2, (c) PS/SiO2, and (d) PSAA/SiO2 over time. 
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Detailed interactions of water dipoles on hydrophobic surfaces remain an enigma, 
while it has often been controversial which interactions are dominant between hydrophobic 
surface and polarized dipoles of water. One expectation is that hydrophobic surfaces should 
not promote the orientational ordering of dipoles. However, a large drift of 280 mV for 
both PS and HMDS interfaces shown here possibly reflects enforcements of orientational 
ordering on hydrophobic surfaces assisted by the applied electric fields63,64.  
Interestingly, PS shows a unique drift curve with quickest saturation time (< 1 min). 
Such an unexpected result could be related to an MD simulation recently reported to 
describe water dipoles on hydrophobic surface63. The electrostatic attraction in water is 
strengthened near the hydrophobic surface. This is because hydrophobic surfaces disturb 
hydrogen bond networks of water molecules and reduce near-surface dipole correlations, 
which results in faster orientations of dipoles on hydrophobic surfaces compared to that of 
hydrophilic surfaces. However, HMDS shows slow saturation. It is noted that the 
electrochemical properties of very thin HMDS layer can be affected by those of SiO2 
underneath HMDS because of penetration of solutions or ions through the thin HMDS 
layer (< 5 nm). More experimental evidence will be required to varify our hypothesis in 
our future work. 
Figure 3.11 presents Vth0  of SiO2, HMDS, PS, and PSAA before drift. In the 
previous chapter 1.2.1, we demonstrated that Vth0 is a parameter that only reflects initial 
interfacial potential of the surface without the influence of electrochemical drift. On the 
other hand, the Vsat of each RG surface is final interfacial potential after drift affected by 
dipole orientations at quasi-equilibrium, respectively. A high Vth0 of 1.7 V from SiO2 is 
attributed to the initial negative charge of the existing SiO2 surface in pH7. Vth0 of PS (1.55 
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V) and HMDS (1.56 V) with theoretically zero ionic charge is close to Vth of the Si-FET 
(1.5 V). Despite a difference in thicknesses of films (Me3Si from HMDS: < 5 nm, PS: ca. 
100 nm), Vth0  presents insignificant differences between two RGs, indicating that the 
RGFET mostly indicates the interface potentials. For PSAA surface, Vth0 first includes the 
initial stabilization and equilibrium process of carboxylic acids to the pH of the solution. 
Vth0 of 1.62 V of PSAA at the second cycle, regarded as the representative value for PSAA, 
showed a more negatively charged surface compared to that of PS (1.55 V), due to the 




Figure 3.11. Vth0 distributions of SiO2, HMDS/SiO2, PS/SiO2, and PSAA/SiO2 before drift 
over at lesat 6 samples in pH7. 
 
∆Vdri levels calculated as a difference between each Vsat and Vth0 are normalized 
with respect to each Vth0 in Figure 3.12. Slowly hydrating sites on SiO2 surface provokes 
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a large ∆Vdri of 160 mV, which is about 8% change with respect to Vth0 of SiO2. Both 
hydrophobic surfaces of HMDS and PS reveal even larger ∆Vdri of 280 mV that is about 
17% increase with respect to each Vth0. There should be a hydrophobic effect that excludes 
water molecules at the hydrophobic surfaces. However, external applications of electric 
fields to the RG system would enforce orientational ordering as the electric property of the 
hydrophobic surface plays a secondary role. This possibly leads to the large amount of 





Figure 3.12. Average ΔVdri normalized to each Vth0 over at lesat 6 samples of RGs with 
SiO2, HMDS/SiO2, PS/SiO2, and PSAA/SiO2 in pH7. 
 
 
For PSAA surface, ΔVdri of 600 mV in Figure 3.10d shown at the first cycle of drift 
in turn reduces to 180 mV at the second cycle of drift. The first drift behavior possibly 
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included the initial stabilization and equilibrium process of carboxylic acids to the pH of 
the solution. The second cycle of drift is regarded as a representative drift property of 
PSAA which is about 11% increase with respective to Vth0  of PSAA. As a result, the 
surfaces including hydrophilic components suppress the electrical drift. 
Figure 3.13 presents repesentative Gm curves from non-conductive RG surfaces of 
SiO2, HMDS/SiO2, PS/SiO2, and PSAA/SiO2 in a pH 7 solution for 100 cycles under 
double sweeping mode. The Gm curves in Figure 3.13 are selected at measurements every 
ten times during 100 cycles. All RG surfaces shifts Gm curves to the right over which 
corresponds to shifts in Vth,RG in Figure 3.10. Also, for some of RG surface, each Gm 
measured by the forward sweeping mode is further moved to the right during the 
measurements at the reverse sweeping mode. This indicate there is hysteresis in Gm (Ghys) 





Figure 3.13. (a) Zoomed-in representative transfer curves of (a) SiO2, (b) HMDS/SiO2, (c) 
PS/SiO2, and (d) PSAA/SiO2 in the pH 7 solution at the VG ranges from 0 to 5 V measured 




Figure 3.14 shows the comparision of Gm0 levels from (a) SiO2, (b) HMDS/SiO2, 
(c) PS/SiO2, and (d) PSAA/SiO2 in the pH 7 solution.  Gm0 of SiO2, HMDS/SiO2, PS/SiO2, 
and PSAA/SiO2 is 64.5 µS, 61.3 µS, 56.3 µS, and 61.1 µS, respectively. There is a clear 
propensity that hydrophobic surfaces decreases Gm0  possibly because of hydrophobic 
effect. This is, the solution interface between hydrophobic surfaces and water at the gate 




Figure 3.14. Average Gm0 levels over at lesat 6 samples of RGs with SiO2, HMDS/SiO2, 
PS/SiO2, and PSAA/SiO2 in pH7. 
 
Figure 3.15 presents drift in Gm  levels of (a) SiO2, (b) HMDS, (c) PS, and (d) 
PSAA. At the first cycle of drift in Gm, transfer curves are repeated for 100 cycles at 





Figure 3.15. Gm distributions over at least 6 samples of RGs with (a) SiO2, (b) 




After a 30-second break, the same measurements are further repeated during 30 
cycles at following second cycle. Gm0 of SiO2 surface (64.5 µS) before drift is reduced by 
only 2.7%, compared to Gm of the Si-FET (Figure 3.15a). After drift, Gm0 of SiO2 further 
decreases to 3.3%. Obviously, hydrophobic surfaces enable a significant reduction of Gm0 
by 7.1% for HMDS and 14.7% for PS compared to Gm of the Si-FET (Figure 3.15b and 
3.15c). Each Gm0 of HMDS and PS further decreases to 8.8% for and 16.3% after drift, 
respectively. On the other hand, PSAA shows the increased Gm0 of 61.1 µS compared to 
that of the PS (56.3 µS) but a smaller value than that of SiO2 (64.5 µS) (Figure 3.15d). This 
is possibly because the hydrophobic effect on PSAA is alleviated by hydrophilic 
components of the carboxylic acid in PSAA. Furthermore, there is insignificant ∆Gdri in 
PSAA due to the advantages of the hydrophilic component. 
Figure 3.16 shows a summary of the total reduction of Gm of SiO2, HMDS, PS, and 
PSAA after drift. Likewise to the propensity in ∆Vdri  shown in Figure 3.12, surfaces 
including hydrophobic components delay a response of the solution interface for the gate 
voltage bias. A 100-nm-thick PS layer would more represent general properties of 
hydrophobic surfaces than the very thin HMDS. As a result, hydrophobic surfaces impede 
orientational ordering of dipoles that is enforced by the applied electric fields because of 





Figure 3.16. Average ΔGdri levels over at lesat 6 samples of RGs with SiO2, HMDS/SiO2, 
PS/SiO2, and PSAA/SiO2 in pH7. 
 
3.3.3. Hysteresis of conventional non-conductive surfaces in water 
In the next section, we investigate the mechanism of hysteresis occurring during 
the double sweeping mode. In the previous section, we demonstrated a property of solution 
interfaces showing slow and delayed responses for the gate electric fields in case of 
hydrophobic surfaces. A hydrophobic surface delays orientations of dipoles at the interface 
by competing electric properties of hydrophobic surface and alignments induced by electric 
fields. 
Slow orientations in turn could lead to voltage dependency of interface properties. 
Therefore, the initial state of the solution interface should be different between forward 
and reverse sweeping mode, affected by different initial electric fields from the gate. The 
reverse sweeps immediately start after the end of forward sweeps. That is, the initial state 
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for reverse sweeps include effects of orientational ordering that is achieved already during 
forward sweeping mode. The initial state of the interface at reverse sweeps results from a 
longer exposure time to positive electric fields compared to the forward sweeps. 
Figure 3.17 shows the model for hysteresis related to slow response of dipoles at 
the interface. Possibly, additional dipoles would be accumulated at the process between 
step 3 and 4 as shown in snapshot 3 and 4 or there could be dipole-dipole interactions 
caused by dipoles already oriented by the forward sweeping mode. This makes different 
interface states in the same gate voltage as shown in in snapshot 2 and 4 in Figure 3.17, 
which leads to different Vth,RG levels during double sweeping mode. 
 
Figure 3.17. Modeling of hysteresis in a transfer curve of the RGFET resulting from 
solution-interfaces changed by the sweeping mode. 
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Figure 3.18 shows drift curves in Vth,RG of (a) SiO2, (b) HMDS, (c) PS, and (d) 
PSAA measured by both forward and reverse sweeping modes. Vth,RG levels at reverse 
sweeps (gray-colored data over Figure 3.18) are always higher than those of forward 
sweeps by an amount we designate as ∆Vhys. Hydrophobic surfaces show higher ∆Vhys of 
HMDS (120 mV) and PS (450 mV) than those with the charged surfaces of SiO2 (40 mV) 
and PSAA (100 mV). Also, there is reversibility of hysteresis showing high dependence 
on the gate voltage. That is, each amount of hysteresis at the first cycle of measurement is 





Figure 3.18. Vth,RG distributions over at least 6 samples of RGs with (a) SiO2, (b) HMDS, 




Vth,RG of SiO2, HMDS, PS, and PSAA increases at the reverse sweeping mode by 
2.2%, 6.8%, 24%, and 5.6 %, respectively, as shown in Figure 3.19. The most hydrophobic 
surface is associated with higher ∆Vhys. It is noted that 40% carboxylic acids in PSAA 
significantly reduces ∆Vhys compared to that of PS. 
 
Figure 3.19. Average ΔVhys levels over at least 6 samples of RGs with SiO2, HMDS/SiO2, 
PS/ SiO2, and PSAA/ SiO2 normalized to each Vth,RG measured by the forward sweeping 
mode. 
 
Figure 3.20 shows drift curves in Gm of SiO2, HMDS, PS, and PSAA measured by 
both forward and reverse sweeping modes. Interestingly, Gm increases by 1.2%, 1.9%, 
7.4%, 1.4% for SiO2, for HMDS, PS, and PSAA at reverse sweeps, respectively, compared 
to each Gm at forward sweeps, probably due to more confinement of additional dipoles at 
the interface by longer exposure of interface to the positive potential during reverse sweeps. 







Figure 3.20. Gm distributions over at least 6 samples of RGs with (a) SiO2, (b) 
HMDS/SiO2, (c) PS/SiO2, and (d) PSAA/SiO2 over time. Gm is measured by both forward 
and reverse sweeping modes. 
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Figure 3.21 shows a summary of ∆Ghys  of SiO2, HMDS, PS, and PSAA. 
Interestingly, there is clear dependency between ∆Ghys in Figure 3.21 and ∆Vhys in Figure 
3.19. That is, ∆Vhys and ∆Ghys which are developed at the same time are highly correlated. 
 
 
Figure 3.21. Average ∆Ghys over at least 6 samples of RGs with SiO2, HMDS/ SiO2, PS/ 
SiO2, and PSAA/SiO2 normalized to each Gm measured by the forward sweeping mode. 
 
3.3.4. Conventional non-conductive surfaces in acetonitrile  
To further elucidate the dependency between dipole moment and drift and 
hysteresis, the same measurements are applied for each surface RG above but switching to 
ACN including only 0.001% water as an impurity. The lower dipole moment of ACN infers 
less polarization, less orientation ordering, and less influence on surface electrical 
properties. Thus, the lower dipole moment of ACN infers less influence of ACN dipoles at 
the interface than pH7 aqueous solution. Gm0 levels are always higher in ACN than in 
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water as shown in Figure 3.22, supporting our assumption regarding properties of ACN 
dipoles in the applied electric fields. Average Gm0 levels of SiO2, PSAA, HMDS, and PS 




Figure 3.22. Comparison of average Gm0 over at least 6 samples of RGs of SiO2, HMDS/ 
SiO2, PS/ SiO2, and PSAA/SiO2 in pH7 water and ACN. 
 
 Figure 3.23 shows drift and hysteresis in Vth,RG curves from SiO2 in (a) ACN and 
(b) pH7 solution. Vth,RG is measured by both reverse and forward sweeps. The nature of 
the negative charged surface of SiO2 in ACN in the literature
67 is characterized as a high 
Vth0 of 1.78 V in our RGFET system. Interestingly, drift and hysteresis of SiO2 shown in 
pH7 (∆Vdri: 160 mV, ∆Vhys: 40 mV) became insignificant in ACN (∆Vdri: 70 mV, ∆Vhys: 






Figure 3.23. Vth,RG distributions over at least 6 samples of RG with SiO2 in (a) ACN and 
(b) pH7 water. Vth,RG is measured by both forward and reverse sweeping modes. 
 
Figure 3.24 presents drift and hysteresis in Vth,RG curves of PSAA in (a) ACN and 
(b) pH7 solution. Vth,RG  is measured by both reverse and forward sweeps. The same 
propensity shown in the case of SiO2 is observed in PSAA. Despite the previous severe 
instability of PSAA in pH7 (ΔVdri: 180 mV, ΔVhys: 100 mV), drift and hysteresis are highly 
reduced in ACN (ΔVdri: 10 mV, ΔVhys: 7 mV). Also, a large amount of Vth,RG caused by 
initial stabilization of carboxylic acid in pH7 solution is not shown in ACN. 40% 
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carboxylic acids in PSAA offers enough charged surface to achieve spontaneous, 




Figure 3.24. Vth,RG distributions over at least 6 samples of RG with PSAA/SiO2 in (a) ACN 
and (b) pH7 water. Vth,RG is measured by both forward and reverse sweeping modes. 
 
Figure 3.25 presents drift in Vth,RG curves of PS in (a) ACN and (b) pH7 solution. 
Vth,RG is measured by forward sweeps. Transfer curves are repeated for 30 cycles under the 
ACN solution two times by having a 30-seconds break in the middle. Unlike the cases of 
hydrophilic surfaces of SiO2 and PSAA above, the hydrophobic PS surface shows severe 
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drift even in ACN. Also, drift curves in ACN have a tendency of reversibility (Figure 
2.25a). More interestingly, Vsat of PS in ACN is similar to that in pH7 aqueous solution. 
Undesirable orientational ordering of both ACN and water dipoles makes a similar net 




Figure 3.25. Vth,RG distributions over at least 6 samples of RG with PS/SiO2 in (a) ACN 
and (b) pH7 water. 
 
Figure 3.25 presents drift in Vth,RG  curves of HMDS in (a) ACN and (b) pH7 
solution. Vth,RG is measured by forward sweeps. Transfer curves are repeated for 30 cycles 
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under the ACN solution two times by having 30 seconds break in the middle. The repeated 
two drift curves show high reversibility. Vsat  of HMDS in ACN is similar to that in pH7. 
An interesting feature in the drift curve in ACN is that insignificant Vdri at initial and is 
enlarged up to Vsat (Figure 3.26a) under continuously repeating gate voltage. A similar net 
interfacial potential is observed after drift as a similar range in Vsat  from all surfaces 




Figure 3.26. Vth,RG distributions over at least 6 samples of RG with HMDS/SiO2 in (a) 




Figure 3.27 presents Vth,RG  of HMDS measured by both forward and reverse 
sweeping mode in (a) ACN and (b) pH7 solution.  An interesting feature in drift curves of 
PS is insignificant initial ΔVhys but up to 60 mV for PS during drift (Figure 3.27a). Such a 
trend is more clearly shown for HMDS (Figure 3.27b) surface by showing a larger ΔVhys 
of 200 mV after saturation. This showed again that  ΔVhys components possibly stem from 




Figure 3.27. Vth,RG distributions over at least 6 samples of RG with (a) PS/SiO2 and (b) 
HMDS/SiO2 in ACN. Vth,RG is measured by both forward and reverse sweeping modes. 
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Figure 3.28 shows drift curves in Vth,RG  measured by forward sweeps from (a) 
SiO2, (b) PSAA, (c) HMDS, and (d) PS in ACN. High Gm0 levels of SiO2 (65.6 µS) are 
only decreased by 0.6 % compared to Gm of Si-FET.  
 
 
Figure 3.28. Gm distributions over at least 6 samples of RGs of (a) SiO2, (b) PSAA/SiO2, 
(c) HMDS/SiO2, and (d) PS/ SiO2 in ACN. 
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Total 1.6% reduction of Gm occurs after drift. Initial Gm0 levels of PSAA (63.7 µS) 
are maintained without drift. On the other hand, there are huge reductions of high Gm0 of 
PS (64.6 µS) and HMDS (62.7 µS) at initial stages by 6.1% and 4% after drift, respectively. 
This infers a slow orientation of dipole moment of ACN under repeated gate voltage. 
Therefore, the influence of dipole moment at the interface is more slowly reflected in drifts 
in Vth,RG and Gm than the previous cases in water. That is, repeating gate voltage cycles 
slowly develops orientational ordering of ACN dipoles causing drift which in turn triggered 
hysteresis. 
Vth0 and Vsat for each RG in ACN are summarized in Figure 3.29. Vth0 of non-polar 
surfaces of PS and HMDS with theoretically zero ionic charge is close to Vth of Si-FET 
which was observed in the case of PS and HMDS in pH7 water. Vth0 of PSAA (1.58 V) 
increases compared to that of PS (1.5 V) due to the contribution of the negative charge of 
carboxylic acid groups. A similar Vth0 between forward and reverse sweeping is observed 
over RG surfaces, indicating insignificant ΔVhys at the initial state. Trivial Vth,RG shifting 
without ΔVhys is shown in the charged surfaces. Vsat of PS and HMDS measured forward 
sweeps converge to a specific range (PS: 1.89 V, HMDS: 1.82 V) by having as a large 
amount of ΔVdri as was the case in pH7 water. Vsat levels of PS and HMSD are almost 
comparable with those in pH7 water. This indicates that a similar amount of net interfacial 
potential is achieved regardless of types of solution. Overall, higher dipole moments on 
uncharged hydrophobic surfaces were associated with larger ΔVdri, ΔVhys, even drift, and 





Figure 3.29. Average Vth,RG at initial and saturation regime over at least 6 samples of RGs 
with ITO, SiO2, PSAA/SiO2, HMDS/SiO2, and PS/ SiO2 in ACN. 
 
3.3.5. Conjugated polymers in water  
Our observations so far, particularly those on ITO compared to the other RG 
materials and the reduced hysteresis of PSAA compared to PS, give rise to a clear criterion 
in designing a polymer sensing layer using charged and conductive components for greater 
electrochemical stability. Charged surfaces seem to achieve fast, stable equilibration of 
dipoles at the interfaces. At the same time, the designed polymer sensing layer needs to 
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have physical stability in aqueous solution. Now, we switch our attention to chargeable, 
conductive polymers such as P3HT for a sensing material. 
Figure 3.30 presents representative transfer curves and Gm from P3HT RG surfaces 
in a pH 7 solution measured for 100 cycles under double sweeping mode. The transfer 
curves in Figure 3.30 are selected at measurements every ten times during 100 cycles. 





Figure 3.30. Zoomed-in representative transfer curves and Gm from P3HT RG in a pH 7 




Figure 3.31 demonstrates drift curves in (a) Vth,RG (b) Gm measured by both forward 
and reverse sweeps from P3HT RG in pH7 solution. Vth,RGlevels measured by forward and 
reverse sweeps are exactly overlapped which results in an insignificant ΔVhys of 0.5 mV.  
.   
 
 
Figure 3.31. Distributions of (a) Vth,RG and (b) Gm over at least 6 samples of RG with 
P3HT/SiO2 in pH7 water. Vth,RG  and Gm  are measured by both forward and reverse 
sweeping modes 
 
There is the initial slight fluctuation in Vth,RG , leading to ΔVdri  of 18 mV. The 
positively charged surface of P3HT is characterized as a low Vth0 of 1.23 V in pH7. High 
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Gm0  of 64.3 µS remains stable over drift testing with no ΔGdri  and ΔGhys. The strong 
positive charge of P3HT creates high stability in water. 
In order to add bio-functionality into the P3HT, an acid-functionalized 
polythiophene, PT-COOH, is proposed. Figure 3.32 presents representative transfer curves 
and Gm from PT-COOH RG surfaces in a pH 7 solution measured for 100 cycles under 




Figure 3.32. Zoomed-in representative transfer curves and Gm from PT-COOH RG in a 
pH 7 solution at the gate voltage ranges from 0 to 5 V measured for 100 cycles under 




The transfer curves in Figure 3.32 are selected at measurements every ten times 
during 100 cycles. Repeating transfer curves and Gm curves show no significant or 
observable changes in the curves.  
Figure 3.33 demonstrates drift curves in (a) Vth,RG  (b) Gm  measured by both 
forward and reverse sweeps from PT-COOH RG in pH7 solution. PT-COOH even reveals 
the enhanced stability in drift (ΔVdri of 17 mV) by having no fluctuation in the drift curve 
with ΔVhys of 0.7 mV (Figure 3.33a).  
 
 
Figure 3.33. Distributions of (a) Vth,RG and (b) Gm over at least 6 samples of RG with (a) 




The electrochemical stability of PT-COOH was almost comparable with that of 
ITO (Figure 4.6b). High Gm0 of PT-COOH (64 µS) supports the presence of stable solution 
interface states between PT-COOH and aqueous media. Vth,RG  of 1.39 V increases 
compared to that on P3HT due to the negative charge contribution of ionized carboxylic 
acid groups in PT-COOH. 
 
3.3.6. pH sensitivity of conjugated polymers 
Current flow over sensing materials typically changes intrinsic properties of 
sensing materials by means of redox reactions. The RGFET system, however, avoids any 
current flow over a sensing material. With this advantage of the RGFET system, we 
demonstrate the intrinsic proton sensitivity of P3HT. Figure 3.34 shows representative 
transfer curves of a P3HT RG measured by double sweeping mode with increasing pH 
value that is in a range from pH3 to 11. After all pH measurements, the P3HT RG is 
measured at pH 3 again to confirm reversibility of pH sensitivity of P3HT. Transfer curves 






Figure 3.34. Zoomed-in representative transfer curves of P3HT/SiO2 RG in terms of 
changes in pH value. 
 
Figure 3.35 shows Vth,RG and Gm distributions over of P3HT/SiO2 as a function of 
pH values on time scale, respectively. Transfer curves are repeated for 20 times cycles for 
each pH solution. Reversible pH sensitivity is observed in Figure 3.35. There is no change 





Figure 3.35. Vth,RG and Gm distributions over 8 samples of P3HT in terms of changes in 
pH values along a time axis. 
 
We also checked pH sensitivity of SiO2 in case that pH sensitivity of P3HT could 
be affected by that of SiO2. However, the pH response of SiO2 seemed to be screened by 
hydration of water molecules, showing very limited pH sensitivity of 2 mV/pH (Figure 
3.36). Also, Gm varies depending on pH values of solutions on SiO2 between forward and 
reverse sweeps, indicating instable solution interfaces. Figure 3.36 supports intrinsic pH 
sensitivity of P3HT film. pH sensing behavior of P3HT, however, could not be explained 
by a site-binding model because there are no dissociable protons in P3HT. Rather, π-





Figure 3.36. (a) Vth,RG and (b) Gm distributions over 6 samples of SiO2 in terms of changes 
in pH values along a time axis. 
 
Figure 3.37 presents representative transfer curves of PT-COOH RG measured by 
double sweeping mode with increasing pH value that is in a range from pH3 to 11. The 





Figure 3.37. Zoomed-in representative transfer curves of PT-COOH/SiO2 RG in terms of 
changes in pH value. 
 
Figure 3.38 shows Vth,RG  and Gm  distributions over of PT-COOH/SiO2 as a 
function of pH values on time scale, respectively. Side chains of carboxylic acid in PT-
COOH could increase proton interactions and mobility leading to an increase in pH 
response in acidic solutions. Relatively severe drift was shown in basic solutions ranging 
from pH9 to 11. This implied that some slow equilibration followed an initial penetration 
of OH- ions. However, no change was seen in the high Gm levels for PT-COOH over all 








Figure 3.38. Vth,RG and Gm distributions over 14 samples of PT-COOH RG in terms of 
changes in pH values along a time axis. 
 
 It would be interesting to compare pH sensitivity from PT-COOH with that of 
PSAA having hydrophobic components. Figure 3.39 shows (a) Vth,RG  and (b) Gm 
distributions over of PSAA/SiO2 as a function of pH values on time scale, respectively. 
Drift in Vth,RG  caused by hydrations is observed for all pH solutions, which results in 
limited pH sensitivity of 5.4 mV/pH as shown in inset of Figure 3.39a. Also, Gm varies 
depending on pH values on PSAA between forward and reverse sweeps as was seen in 
SiO2. Despite incorporation of carboxylic acids in PSAA, the activity or pH sensitivity 







Figure 3.39. Distributions in (a) Vth,RG and (b) Gm over 6 samples of PSAA RG in terms 
of changes in pH values on time scale. 
  
Figure 3.40 shows comparison of Vth,RG levels as a function of pH values from 
P3HT and PT-COOH surface. pH sensitivity of P3HT is estimated to be 17 mV/pH ranging 
pH3 to 10. On the other hand, PT-COOH reveals a larger pH sensitivity of 30 mV/pH 
ranging pH3 to 10 due to contribution of carboxylic acid groups in PT-COOH.  pH 
sensitivity of PT-COOH is indicative of the surface accessibility and participation of a 
significant number density of COOH groups. Such sites could be electronically sensitive 






Figure 3.40. Comparison of average Vth,RG over at least 6 samples of RGs with P3HT/SiO2 
and PT-COOH/SiO2 as a function of pH values.  
 
3.3.7. Summary  
Our findings are summarized by plotting the Vth0 and Vsat of each RG surface in 
pH7 water as shown in Figure 3.41a and 3.41b, respectively. High Vth0 of SiO2 (1.7 V) and 
low Vth0 of P3HT (1.23 V) reflect the negatively and positively charged surface in pH7 
water, respectively. Despite different thicknesses of films (HMDS: < 5 nm, PS: ca. 100 
nm), Vth0  of PS (1.55 V) and HMDS (1.56 V) are close to Vth  of Si-FET as was also 
observed in ACN, indicating that the RGFET mostly translated the interface potentials. 
Negatively charged COO- in PSAA and PT-COOH increase each Vth0 compared to their 
counterparts. Similar Vsat values for non-conductive surfaces indicated similar interface 
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potentials after drift once initially unfavorable solvent dipole orientations were 




Figure 3.41. Average (a) Vth0 and (b) Vsat over at least 6 samples of RGs with PS/SiO2, 
HMDS/SiO2, SiO2, PSAA/SiO2, P3HT/SiO2, PT-COOH/SiO2, and ITO. 
 
We summarize average ∆Vdri and ∆Vhys in pH7 water in Figure 3.42. P3HT and 
PT-COOH shows high stability in aqueous solution almost comparable to that of ITO. 
Also, the trend of ∆Vdri and ∆Vhys (Figure 3.42) corresponds to that of ∆Gdri and  ∆Ghys 




              
 
Figure 3.42. Average (a) ∆Vhys and (b) ∆Vdri over at least 6 samples of RGs with PS/SiO2, 
HMDS/SiO2, SiO2, PSAA/SiO2, P3HT/SiO2, PT-COOH/SiO2, and ITO. 
 
 
Figure 3.43. Average (a) ∆Gdri and (b) ∆Ghys over at least 6 samples of RGs with PS/SiO2, 




We investigated how drift and hysteresis varies in terms of different electrostatic 
properties of surfaces and dipole moments in each solution. Fast, stable orientiational 
ordering of dipoles is achieved by charged surfaces. Hysteresis stems from the slower 
response of dipoles for already oriented dipoles at the interface. Non-polar components 
produce severe drift and hysteresis. Due to this fact, conjugated polymers with strong 
charges and physical stability in aqueous solution are highly recommended for 
incorporation as an active biosensing layer. We demonstrate that P3HT and PT-COOH 
have superior electrochemical instability, almost comparable to that of ITO. Also, by using 
the RGFET configuration, we present the intrinsic pH sensitivity of P3HT (17 mV/pH 
ranging from pH3 to 10) presumably occurring by ionic doping. The pH sensitivity of PT-
COOH (30 mV/pH ranging from pH3 to 10) was greatly improved due to the further 
incorporation of proton-conducting functionalities. Our results suggest a criterion in 
designing new polymers for biosensing interfaces requiring receptor attachment combining 
conjugation and charged components in the material in order to stabilize dipole moments 
induced by EF. This criterion is in fact the one met by PEDOT-PSS and related polymers 
now used in organic electrochemical transistors, and is now suggested even for sensing 
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Antibody-embedded sensing membrane 
4.1. Introduction 
One of the most reliable and common immunoassay platforms for screening for 
various diseases so far has been the enzyme-linked immunosorbent assay (ELISA), which 
is based on the optical reading of complexes between targeting biomarkers and enzyme-
conjugated antibody by measuring the absorbance of light of a product colored by enzyme 
reactions. However, this detection mechanism is highly limited in the efficiency of 
diagnostics of wide-reaching, contagious diseases, inevitably requiring laboratory facilities 
and bulky analyzers such as spectrometers and colorimeters. 
It remains desirable to develop a point-of-care (PoC) testing tool that is simple, 
sensitive, selective, low-cost, and usable anywhere. Electronic sensors based on FETs have 
shown potential to meet the aforementioned criteria.68-70 The multiple laboratory processes 
are scaled down to a chip format, while retaining the following qualities.71-73 Indeed, 
significant progress has been made in the field of transistor sensors. Despite these scientific 
advancements, transistor sensors are still subject to several hurdles in terms of their 
practicality. 
For the detection mechanism, semiconductor-dependent resistance of transducers 
varies when analyte binds to receptors functionalized on the sensing surface. That is, signal 
comes from variations of pI on the surface resulting from interactions between receptor 
and analyte. At this point, a main challenge for the transistor sensors is posed by the Debye 
screening length (λ𝐷) , arising from the interaction between the sensing surface and 











where 𝑙𝐵 is the Bjerrum length (0.7 nm), ∑i is the sum over all ion species, and 𝜌𝑖 and 𝑧𝑖 
are density and valence of ion species i, respectively. Calculated λ𝐷  depending on ion 
strength of the PBS solution is shown in Figure 4.1. When physical lengths of antibody-
antigen complexes are longer than λ𝐷  associated with physiological media, transistor 
sensors are no longer effective in physiological samples, theoretically. To be specific, FET 
biosensors fail to recognize the binding events in high ionic strength solution higher than 
100 mM.77 Thus, for optimal sensing, the λ𝐷  must be carefully selected for FET 
biosensors  because molecules binding to the devices are removed from the sensor surface 
above λ𝐷.  
A common approach to address λ𝐷 issues is for the analyte in body fluid to be 
mixed with diluted phosphate buffered saline (PBS) solution, increasing λ𝐷 .
78 
Alternatively, capture-release methods can be applied. In this method, a body fluid is 
placed on a sensor surface first, resulting in the analyte binding to a surface receptor, after 
which the original solution is replaced with diluted PBS to read the binding signal,79 
complicating the procedure in clinical setups. Another way to overcome λ𝐷 is reducing the 
physical size of receptors by using aptamers (3-5 nm),80 peptides (7 to 14 amino acids 
long),81 and antibody fragments (<10 nm).82 However, it is difficult for existing receptors 






Figure 4.1. Debye lengths varied by ionic strengths and physical size of receptors such as 
antibody, antibody fragment, aptamer, and peptide. 
 
In this chapter, an antibody-embedded polymer membrane as an alternative to the 
conventional bio-conjugating method of surface-functionalization is discussed. A 
presumed schematic image of antibody-embedded geometric in PSMA polymer matrix is 




Figure 4.2. Schematic images of (a) conventional surface-functionalized antibody and (b) 
newly proposed antibody-embedded sensing membrane.  
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One of the main goals of using an antibody-embedded sensing membrane is to 
overcome the Debye length issue by making bio-signals near sensing surfaces or within a 
short Debye length from highly concentrated media.  
As proof-of-concept, we designed a system to detect cortisol in lightly buffered 
artificial sweat with LOD of 1 ng/ml by using antibody-embedded polymer sensing 
membrane. Cortisol is a stress biomarker found in sweat, saliva, blood, urine and interstitial 
fluid.83-85 Typical cortisol quantification methods include chromatographic techniques, 
ELISA, surface plasmon resonance, and electrochemical impedance spectroscopy, all 
requiring bulky equipment and several steps in determining cortisol levels.86,87 
Physiological cortisol levels in human perspiration reported ranges from 8.16 to 141.7 
ng/ml.88,89 
The embedded structure of receptor in the polymer, polystyrene-co-methacrylic 
acid (PSMA), allows cortisol molecules to bind near the membrane-substrate interface, 
which ameliorates the λ𝐷  issues. The developed sensing membrane is coupled to a 
commercial FET as the RG module. In RGFET setup, sensitivity for cortisol is obtained in 
a range from 10 fg/ml to 10 ng/ml with the guaranteed LOD of 1 pg/ml in 1× PBS where 
λ𝐷 is 0.7 nm. This sensing performance from antibody-embedded PSMA is compared with 
the conventional way that functionalize antibody on the surface, PSMA. We refer antibody-
embedded PSMA and antibody-surface-functionalized PSMA as anti-em PSMA and anti-
suf PSMA, respectively. Sandwich ELISA was performed to confirm activity of anti-em 
PSMA. To the best of our knowledge, this is the first demonstration of an FET-based 




4.2. Experimental section 
4.2.1. Sample preparation for antibody functionalization  
ITO/PET substrates purchased from Sigma Aldrich were used. The substrates are 
sliced into 1.5 × 2 cm for the remote electrode. The substrates are cleaned with isopropanol 
for 20 min under ultrasonication, then rinses with distilled water for 20 min, and dried 
under nitrogen gas. 10 mg/ml PSMA (678240, Sigma Aldrich) is added in a mixed solvent 
composed of 0.5 ml dichloromethane (DCM), 0.5 ml N,N-dimethylformamide (DMF), and 
40 mg/ml of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). DMF is chosen 
among the organic solvents because high antibody activity was observed over an extended 
period in this solvent90. After an hour, 15 mg/ml N-hydroxysuccinimide (NHS) is added to 
the mixture. EDC/NHS is added to activate the carboxylic acid groups of PSMA. After 
spin-coating PSMA on ITO/PET substrate, 100 µl of 1 mg/ml antibody (CORT-2, abcam) 
is immobilized on the surface by drop-coating for 6 hours at room temperature. 
For anti-em PSMA, 100 µl of 1 mg/ml anti-cortisol is added 20 min after addition 
of NHS and stirred for 4 hours. The mixture is constantly stirred at room temperature during 
the functionalization procedure from the beginning at 180 rpm with a stir bar. The resulting 
mixture is spin-coated on the freshly cleaned ITO/PET substrate, first at 500 rpm for 10 
seconds, then at 3000 rpm for 120 seconds. The thickness of anti-em PSMA is about 300 
nm measured by LASER microscopy. O-ring with diameter of 4.5 mm and height of 1.78 






4.2.2. Electrical measurement 
Sensing membranes completed by following procedures above are connected to the 
gate of commercial FETs. An Ag/AgCl reference electrode is used to apply the gate bias 
for all measurements. All transfer curves are measured using a Keithley semiconductor 
analyzer, at a drain voltage of 50 mV with the gate voltage double sweep mode. For cortisol 
tests in both anti-em and -suf PSMA membranes, cortisol (C-106, Cerilliant) dissolved in 
methanol at concentration 1 mg/ml is diluted in 1× and 0.05× PBS to concentrations of 1 
fg/ml to 10 ng/ml. For the specificity test, 17-α-HPG (H5752, Sigma Aldrich) dissolved in 
methanol at concentration 1 mg/ml is diluted in 1× and 0.05× PBS to the same 
concentrations as cortisol samples. For sweat tests, two types of artificial perspiration with 
different pH are purchased from Pickering Laboratories (Catalog number: 1700-0521 for 
pH 7.4 and 1700-0024 for pH4.5). 10% of 1× PBS is added in the artificial perspiration as 
a buffer against non-ideal factors such as shifting background pH values. This mixture 
between artificial sweat and 1× PBS is used to dilute 1 mg/ml cortisol. Before evaluating 
drift or quantifying cortisol, all PSMA membranes are stabilized for 30 - 40 minutes in 
PBS solution after three times washing by PBS. Transfer curves for each cortisol 
concentration are measured after 5 min of incubation with the cortisol solution, following 





Figure 4.3. Schematic image of the measurement system. Two different remote sensing 
gates were coupled to the gate of each commercial FET. 
 
Our measurement system allowed the acquisition of two different electrical signals 
at the same time from two different sensing gates as shown in Figure 4.3. One of two 
sensing gates is monitored as a control setup. ITO/PET substrate is chosen as substrate of 
the RG to demonstrate sensing performance on the flexible materials. Each RGFET system 
in Figure 4.3 yields almost the same transfer curves in Figure 4.4 although each PSMA 
membrane is independently connected to the individual FET as shown in Figure 4.3. Also, 
there is no hysteresis observed during double sweeping mode, which indicates high 
stability of the transducing system as well as high reproducibility of the sensing system. 
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Figure 4.4. Transfer curves of two PSMA RGs separately coupled to two different Si-FET. 
The measurements are performed in pH7, simultaneously.  
 
4.2.3. ELISA test 
Two different types of samples are prepared for a fluorescence scan: surface 
functionalized PSMA samples and antibody embedded PSMA samples. Following the 
antibody functionalization methods discussed above, an ethanolamine treatment is applied 
prior to the ELISA FI measurement. Without ethanolamine, additional non-specific 
binding occurs by the detection antibody. Therefore, ethanolamine is added to deactivate 
COOH groups on the surface to minimize non-specific binding. Ethanolamine (pH 13) is 
brought to pH 8.5 by adding hydrochloric acid. 
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For ELISA on the surface functionalized membrane, 10 mg/ml PSMA in the same 
organic solution as before is spin-coated on ITO/PET substrate with surface sensing area 
of 0.5 cm x 0.5 cm. 25 µL of 1 mg/ml of the primary antibody (anti-cortisol) is then drop-
coated and left at room temperature for 6 hours. After 6 hours, the surface is washed 5 
times using 1× PBS. Ethanolamine solution is used to cover the functional surface and 
reacted for 20 minutes at room temperature. After 20 minutes, the surface is washed 5 times 
using 1× PBS. 100 µL of 100 µg/mL cortisol solution is then dropped on the surface and 
left at room temperature for reaction with the surface functionalized primary antibody. 
After 30 minutes of reaction time, the surface is washed 5 times using 1× PBS. Finally, 80 
µL of 200 ng/ml fluorescein isothiocyanate (FITC) conjugated cortisol antibody (LS-
C305750, LifeSpan BioSciences) is dropped on the washed surface and left at room 
temperature for reaction with the cortisol-antibody complex immobilized on the surface. 
After 30 minutes of reaction time, the surface is washed 5 times using 1× PBS. 
Fluorescence scans are conducted on the samples via a plate reader.  For antibody-
embedded samples, 10 mg/ml PSMA in DCM/DMF and EDC/NHS samples are prepared 
as above. The primary antibody is injected into the PSMA solution 20 minutes after adding 
NHS. The PSMA solution is stirred at room temperature for 4 hours. The same procedures 
as surface functionalized samples are repeated to measure the FI. 
 
4.3. Results and Discussion 
4.3.1. Surface-functionalized PSMA 
Physiological stress is considered a silent contributor to diverse diseases93,94. 
Cortisol sensors based on sweat test enable the monitoring of stress levels non-invasively. 
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Figure 4.5. Representative transfer curves of anti-suf PSMA with increasing cortisol 
concentrations in 0.05× PBS at the gate voltage ranges from 0 to 2.5 V. Inset: close-up 
transfer curves. 
 
Shifts in transfer curve switching voltages for different concentrations of cortisol 
indicate the cortisol sensitivity from anti-suf PSMA (Figure 4.5). Close-up transfer curves 
are shown in inset of Figure 4.5. No significant hysteresis by double sweeping mode is 
observed in transfer curves. Cortisol increases VR levels of n-type FET transducer, which 
indicate that negative charges are imposed on the RG system due to interactions between 
cortisol and anti-cortisol.  
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 Figure 4.6 shows the response of transfer curves from pure PSMA that has no anti-
cortisol on PSMA surfaces for different cortisol concentrations. There are random shifts of 




Figure 4.6. (a) Representative transfer curves of the pure PSMA with increasing cortisol 
concentrations in 0.05× PBS at the gate voltage ranges from 0 to 2.5 V. (b) Close-up 
transfer curves of Figure 4.6a. 
 
Figure 4.7 presents the response of transfer curves of anti-suf PSMA for 17-a-HPG 
concentrations as control. 17-a-HPG is a biochemical precursor of cortisol and is chosen 
for our specificity tests because it has a structure and size similar to those of cortisol. The 
anti-cortisol antibody [CORT-2] we used has 100% reactivity to Cortisol and 0% reactivity 
to 17-α-HPG according to a data sheet provided by Abcam. This reactivity is reflected in 






Figure 4.7. (a) Representative transfer curves of anti-suf PSMA with increasing 17-α-HPG 
concentrations in 0.05× PBS at the gate voltage ranges from 0 to 2.5 V (b) Close-up transfer 
curves of Figure 4.7a. 
 
All changes in VR are compared in Figure 4.8. IR of 1 µA is consistently used in 
calculating VR for all the following plots. ∆𝑉𝑅 is normalized with respect to 𝑉𝐵𝑎𝑠𝑒 where 
VBase  is 𝑉𝑅 of each surface in the pure 0.05× PBS. Figure 4.8 shows ∆𝑉𝑅  for cortisol 
ranging from 1 fg/ml to 10 ng/ml, sensed by anti-suf PSMA in 0.05× PBS to increase 𝜆𝐷. 
The anti-cortisol and cortisol complexes impose negative net charge on the PSMA sensing 
membrane. Mean ∆VR values for experimental samples linearly increase by 0.3 % with a 
R-square of 97.5%, ranging from 1 fg/ml to 10 ng/ml. Random signals are observed for 
two control setups when adding the same cortisol solutions to sensing gate without any 
anti-cortisol surface functionalization and adding the same 17-α-HPG concentrations with 
anti-suf PSMA. The LOD is obtained at the lowest concentration that can be clearly 
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distinguished from a max fluctuation by any control sample, which is estimated as 1 pg/ml. 




Figure 4.8. ∆VR distributions of anti-suf PSMA over at least 6 samples in terms of cortisol 
and 17-α-HPG concentrations in 0.05× PBS. ∆VR response of the bare PSMA for cortisol 
is compared.  
 
To confirm sensitivity and specificity shown above, the drift of the RGFET system 
is evaluated in Figure 4.9 by measuring transfer curve switching voltages with the same 
frequency after stabilization of the membrane as in the cortisol sensing tests over 50 
minutes in 1× and 0.05× PBS. Drift rate of anti-suf PSMA is estimated to be -0.1 %/min 
and -0.3 %/min for 1× PBS and 0.05× PBS, respectively. In both cases, the drift has a 






Figure 4.9. Drift rate of anti-suf PSMA measured in 1× and 0.05× PBS by repeating the 
transfer curve for 50 min after stabilization.  
 
We repeat the same experiments for cortisol detection performed in Figure 4.6 but 
changing the media from 0.05× PBS to 1× PBS where  λ𝐷 is 0.7 nm. Figure 4.10 presents 
the response of transfer curves from anti-suf PSMA in terms of cortisol concentrations in 





Figure 4.10. (a) Representative transfer curves of anti-suf PSMA with increasing cortisol 
concentrations in 1× PBS at the gate voltage ranges from 0 to 2.5 V. (b) Close-up transfer 
curves of Figure 4.10a. 
 
Figure 4.11 shows ∆VR of anti-suf PSMA with increasing concentrations of cortisol 
in 1× PBS solution over three samples. A negative slope is observed for increasing cortisol 
concentrations which is the opposite propensity to that of sensitivity curves shown in 
Figure 4.9. However, the characteristic of negative slope is similar to that of drift in Figure 
4.10. Also, the total amounts of ∆VR from Figure 4.10 and Figure 4.12 are comparable, 
indicating the negative slope in Figure 4.12 probably originates from a drift component. 







Figure 4.11. ∆VR distributions of anti-suf PSMA over 3 samples with increasing cortisol 
concentrations in 1× PBS solution.  
 
4.3.2. Antibody-embedded PSMA 
 Electric properties of antibody-embedded geometric in PSMA polymer are 
evaluated in this section. Representative transfer curves from anti-em PSMA that responds 
to cortisol concentrations are shown in Figure. 4.12. The cortisol measurement is 
performed in 1× PBS solution instead of 0.05× PBS. Interestingly, shifts in transfer curves 






Figure 4.12. Representative transfer curves of anti-suf PSMA with increasing cortisol 
concentrations in 1× PBS at the gate voltage ranges from 0 to 2.5 V. Inset: close-up transfer 
curves of Figure 4.12a. 
 
 We conducted a specificity test of anti-em PSMA for cortisol by observing non-
specific signals from 17-a-HPG. Figure. 4.13 presents representative transfer curves from 
anti-em PSMA with increasing concentrations of 17-a-HPG. Random shifts in VR occur.  
Drift properties of anti-em PSMA are evaluated in Figure 4.14. ∆VR drift has a 
negative slope of -0.6 % min, which is in accordance with the anti-suf PSMA result of 







Figure 4.13. (a) Representative transfer curves of anti-em PSMA with increasing 17-a-
HPG concentrations in 1× PBS at the gate voltage ranges from 0 to 2.5 V. (b) Close-up 




Figure 4.14. Drift rate of anti-em PSMA measured in 1× PBS by repeating the transfer 
curve for 50 min after stabilization. 
152 
 
Figure 4.15 demonstrates ∆VR for cortisol and 17-α-HPG ranging from 1 fg/ml to 
10 ng/ml measured by anti-em PSMA in 1× PBS. No definite trend for 17-α-HPG is 
observed. Comparing the control samples, sensitivity of anti-em PSMA for cortisol appears 
from 10 fg/ml and mean ∆VR values linearly increase by 0.3 % with a R-square of 94.6%, 
similar to that of anti-suf PSMA, yet achieved in 1× PBS. LOD is estimated as 1 pg/ml, 
which is clearly distinguished from a max fluctuation by any control sample. The antibody 
embedded in polymer matrix leads to detection of charge variations much closer to the 




Figure 4.15. ∆VR distributions of anti-em PSMA over at least 6 samples in terms of cortisol 




We further investigate duration of the sensitivity of anti-em PSMA in 1× PBS. The 
anti-em PSMA samples are stored at 4 °C. Figure 4.16 shows cortisol sensitivity of anti-
em PSMA as a function of days stored. Anti-em PSMA samples immediately measured 
shows stable and uniform sensitivity with small standard deviations depending on specific 
cortisol concentrations. The sensitivity of anti-em PSMA is maintained up to 1.7 days 
although a larger standard deviation is shown. However, device sensitivity degrades over 
two or more days, and shows random signals with lower R-square, corresponding to 





Figure 4.16. Cortisol sensitivity of anti-em PSMA as a function of days stored, in a range 




pH values in human sweat vary from pH2 to 8.295. pH 7.4 of the artificial sweat is 
chosen for our sweat tests in compliance with the conditions performed above. Also, 10% 
1× PBS is added to the artificial sweat as a buffer against changing pH of media to avoid 
any interference of signal from background media pH96,97. Figure 4.17 shows cortisol 
sensitivity of anti-em PSMA in artificial sweat with pH 7.4 in a range from 1 fg/mL to 100 
μg/mL for five samples out of a total of 8. Three other samples give little or no response 




Figure 4.17. Cortisol sensitivity of anti-em PSMA in artificial sweat with pH 7.4 in a 





Figure 4.18. VR  vs. different concentrations of cortisol in artificial sweat with pH 7.4 
showing random signals from 3 samples out of a total of 8.  
 
While reproducible detection of cortisol in artificial sweat apparently requires 
greater sample quality control than for simple buffers, 5 samples out of a total of 8 showed 
a linear response for cortisol in artificial sweat with pH 7.4, in a range from 1 fg/ml to 100 
µg/ml (Figure 4.17). LOD approximately estimated by considering the max fluctuation in 
Figure 4.17 is 1 ng/ml. ∆VR increases by 0.2 % for every ten folds increase in cortisol 
concentration, which is smaller than those shown in the PBS solution. One possible reason 
is that sweat includes more salts and the resultant Debye screening effect would be 
exponentially larger.  
It is noted that the yield to show sensitivity is highly reduced for pure artificial 






Figure 4.19. (a) Two samples out of a total of 8 showing slight cortisol sensitivity of anti-
em PSMA in artificial sweat in a range from 1 fg/mL to 100 μg/mL but without any addition 
of pH 7.4 buffer solution into artificial sweat. (b) The rest six samples showing no cortisol 
sensitivity.  
 
In the same context, none of the samples in sweat with pH 4.5 shows sensitivity as 
shown in Figure 4.20. Sweat with pH 4.5 is diluted by 1× PBS to 10% and 5% where it is 
still not in the controlled pH regime of background media.  6 samples out of a total of 6 
showed random signals in 10% artificial sweat. 4 samples out of a total of 4 showed random 





Figure 4.20. VR vs. different concentrations of cortisol in (a) 10% artificial sweat in (b) 
10% artificial sweat with pH 4.5 diluted in 1× PBS.  
 
The sensing mechanism of FET biosensors based on varying isoelectric points 
causes pH levels to fluctuate in the media, often leading to a different charge distribution 
on the surface even though the sensors detect the same analyte78. This leads to a situation 
where the various pH levels of the physiological samples have different sensitivities for 
the same biomarker or produce no of signals, which is one of the huge challenges in clinical 
applications of FET biosensors in addition to Debye screening length issues96,97. The 
capture-release method mentioned in the introduction could address this issue. Another 
way is to highly dilute physiological sweat with a reference buffer solution to reach the 
controlled pH regime. In this case, a higher sensing capacity sensor would be required 
because the sensor needs to detect lower cortisol concentrations in the highly diluted 
solution. Detecting analyte in physiological sweat is still challenging because of the reasons 
mentioned above, but our anti-em PSMA shows the way to ameliorate λD  constraints 
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showing sensitivity and selectively for cortisol in controlled artificial sweat even if the λD 
values are less than those in PBS solution.   
 
4.3.3. ELISA results 
We confirm sensitivity and specificity of anti-em PSMA by using a standard 
sandwich ELISA in Figure 4.21. FITC-conjugated antibodies are used as detection 
antibody. Higher fluorescence intensity (FI) is observed for the standard sandwich ELISA 
with antibody-antigen-fluorescein complex (Figure 4.21a). However, lower FI is shown 
for the control samples with a sandwich ELISA excluding cortisol and primary antibody. 
Similarly, a standard sandwich ELISA with anti-em PSMA-antigen-fluorescein complex 
(Figure 4.21b) shows higher FI than those of control samples excluding cortisol or 
replacing cortisol with 17-α HPG for selectivity testing. This confirms that there is 
significant specificity of binding and that the anti-cortisol protein remains active in anti-









Figure 4.21. (a) FI of FITC-labeled anti-suf PSMA via standard ELISA. Control setups 
without the addition of cortisol and without the addition of a primary antibody are 
compared. (b) FI of FITC-labeled anti-em PSMA. Control setups without the addition of 
cortisol and adding 17-α HPG instead of cortisol are compared. 
 
By considering intensity in ELISA data in Figure 4.22 and intensity from the pure 
detection antibody including FITC in Figure 4.23, we further estimate the population of 







Figure 4.22. Maximum intensity of anti-em PSMA and control samples. Each case is 




Figure 4.23. Calibration curve is drawn from the pure detection antibody including FITC 
via two repeated measurements. Intensity of fluorescence is saturated in concentration 




We approximate the concentration of the activated antibody through ELISA results 
with following steps: 
1. Intensity from detection antibody with cortisol: 13.33 (average) 
2. Nonspecific binding fluorescence intensity: 8.85 (average) 
3. Fluorescence intensity from blank (system noise): 0.4 (average) 
4. Fluorescence intensity from specific binding: 13.33 − 8.85 − 0.4 = 4.08 
5. Intensity of 4.08 is equivalent to 4.33 ug/mL on the calibration plot (Fig. S12c). 
6. Multiply sample volume of detection antibody (30 uL) used in calculation plot by 4.33 
ug/mL: 0.129 ug active capture antibody in the polymer (presumably corresponding to 
active antibody in anti-em PSMA) 
7. Molecular weight of detection antibody: IgG (150 kg/mol) + FITC (389.382 g/mol). 
Approximate molecular weight of detection antibody is 150 kg/mol. 
8. Mole of antibody would be 
1.29 ×10−6g
1.5×105g/mol
= 8.66 × 10−13 M 




1011 molecules in anti-em PSMA. 
10. Sample size of anti-em PSMA is 0.5 cm by 0.5 cm. Thickness of the polymer is 300 
nm. Volume of anti-em PSMA is 0.5 cm × 0.5 cm × 3 × 10−5 nm = 7.5 ×
10−3 cm3. 
11. Number density of antibodies is 
5.21×1011 molecules
7.5×10−3 cm3
= 6.95 × 1013 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑐𝑚3 










= 17.3 𝜇𝑔/𝑐𝑚3 
13. 90 ug/ml antibody mixed in PSMA solution (1100 uL). 
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14. 550 µL out of 1100µL solution spin-coated on PET/ITO substrate (1 x 1.5 cm) 
15. Spin-coated film was divided into 6 films (0.5 x 0.5 cm), so 91.6 µL of solution per 
film 
16. The amount of antibody used for each sample 90
μg
mL
× 91.6 μL = 8.24 ug 
17. When we assume all antibodies immobilized on antibody-embedded PSMA. 
18. About 1.53 % of this antibody was active in the final film.  
 
For anti-em PSMA, orientation of antibody inside the PSMA polymer may be 
random. The calculation based on ELISA data above indicates active antibodies of 1.53 % 
in the anti-em PSMA.  
 
4.4. Conclusions 
We demonstrate electrical detection of cortisol using RGFET. In particular, the 
newly proposed anti-em PSMA shows sensitivity from 10 fg/ml to 10 ng/ml in 1× PBS 
while clear selectivity is shown from 1 pg/ml. Anti-em PSMA is stable up to 1.7 days 
stored at 4 °C. In our sweat tests, anti-em PSMA showed potential to overcome the λ𝐷 
constraint showing LOD of 1 ng/ml in lightly buffered artificial sweat. Specificity of anti-
em PSMA is also demonstrated by ELISA. This technique increases the possibility of 






As established concepts in the operation mechanism, FET sensors are known to 
detect the change in pI upon binding events on the sensing part. Inevitably, the operation 
of typical FET sensors is associated with issues of λ𝐷 
75 and pH interference of background 
media96,97. In particular, λD arising from the interaction between the sensing surface and 
electrolyte makes sensors apparently unresponsive to analyte when physical lengths of 
antibody−antigen complexes are more than λD associated with physiological media. 
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Conclusion and Future Outlook 
By using the RGFET characterization, we investigated diverse fundamental 
mechanisms of electrochemical interactions from (1) molecular doping effects in a 
conjugated polymer, (2) solution interfaces, and (3) biological interfaces associated with 
Debye length issues.   
In Chapter 2, we showed self-consistency in spectroscopic, conductivity, and 
RGFET characterization of assaying the interfacial interactions between surface electron 
donors and electron acceptor molecules bound from solution. RGFET characterization 
provided a new way to calculate hole concentrations in a doped polymer in terms of 
ΔVth,RG depending on dopant concentrations of F4TCNQ on conjugated polymer P3HT 
surfaces. F4TCNQ occupies sites on electron donor surfaces by creating surface dipoles 
and the associated hole carriers imposed positive charges in P3HT, which were detected 
by the RGFET system. The data add significant insight about the mechanism of “sequential 
doping” of conductive polymers, under consideration as an approach to increase their 
conductivity and preserving their mobility while doping. 
Also, a remarkable analogy between polymer doping and surface dipole formation 
at electrodes was found, while no effects were observed on fully insulating films, as 
expected. Finally, the electroanalytical RGFET system was demonstrated as a means of 
measuring diffusion rates of small molecules through inert polymer films as we monitored 
physical diffusion of F4TCNQ in polystyrene driven by concentration gradients. This 
analysis provides a new electronic analysis tool to describe doping effects and diffusion in 
organic materials and this technique could be further expanded to diverse fields such as 
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surface science, conducting polymers, electroanalytical chemistry, and polymer science 
more broadly 
In Chapter 3, we investigated how drift and hysteresis varied according to different 
surface polarities and solution dipole moments in an RGFET system. Fast, stable 
orientational ordering of dipoles on charged surfaces increased electrochemical stability. 
Therefore, charged conjugated polymers with  physical stability in aqueous solution are 
recommended for use in biosensing layers. We demonstrated that P3HT and PT-COOH 
had superior electrochemical stability, almost comparable to that of ITO. Also, the pH 
sensitivity of P3HT (17 mV/pH) is demonstrated, presumably occurring by ionic doping. 
The pH sensitivity of PT-COOH is further increased due to the incorporation of additional 
ionizable functionalities (30 mV/pH).  
Our results suggest a criterion in designing new polymers for biosensing interfaces 
requiring receptor attachment combining conjugation and charged components in the 
materials in order to rapidly equilibrate solution dipole moments with the applicatoin of 
EF. This criterion is in fact met by PEDOT-PSS and related polymers now used in organic 
electrochemical transistors, and is now suggested even for sensing layers that interact with 
analytes purely by polarization mechanisms. 
In Chapter 4, we introduced a way to overcome Debye length issues by using newly 
proposed polymer sensing membranes incorporating antibodies in the polymer. To be 
specific, we compared sensing signals from a polymer sensing layer with antibody 
functionalization either on the top surface or within the bulk. The response to cortisol in 
sweat is only shown for antibody-embedded polymer sensing layer, likely because the 
binding occurs with less Debye screening of the gate electrode. To the best of our 
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knowledge, the sensitivity to cortisol is the highest yet reported. Non-responses in the 
absence of the antibody, or when a different steroid is used as the control analyte, offered 
evidence of selectivity. Increased fluorescence of a detection antibody after cortisol 
binding to its capture antibody also supports the activity of the capture antibody bound to 
the polymer. We further estimated the population of active antibody in anti-em polymer 
based on ELISA result.  
Antibody-embedded sensing membrane is a platform technology that can be 
applicable for diverse FET biosensors designed for detecting bio-makers in physiological 
samples. This concept may have an immense effect on positioning FET biosensors for 
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